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Welcome to the study of physics . This volume, more of a 
student's guide than a text of the usual kind, is part of a 
whole group of materials that includes a student handbook, 
laboratory equipment, films, programmed instruction, readers, 
transparencies, and so forth. Harvard Project Physics has 
designed the materials to work together. They have all been 
tested in classes that supplied results to the Project for 
use in revisions of earlier versions. 

The Project Physics course is the work of about 200 scien- 
tists , scholars, and teachers from all parts of the country, 
responding to a call by the National Science Foundation in 
1963 to prepare a new introductory physics course for nation- 
wide use. Harvard Project Physics was established in 1964, 
on the basis of a two-year feasibility study supported by 
the Carnegie Corporation. On the previous pages are the 
names of our colleagues who helped during the last six years 
in what became an extensive national curriculum development 
program. Some of them worked on a full-time basis for sev- 
eral years; others were part-time or occasional consultants, 
contributing to some aspect of the whole course; but all 
were valued and dedicated collaborators who richly earned 
the gratitude of everyone who cares about science and the 
improvement of science teaching. 

Harvard Project Physics has received financial support 
from the Carnegie Corporation of New York, the Ford Founda- 
tion, the National Science Foundation, the Alfred P. Sloan 
Foundation, the United Si \tes Office of Education and Harvard 
University. In addition, the Project has had the essential 
support of several hundred participating schools throughout 
the United States and Canada, who used and tested the course 
as it went through several successive annual revisions. 

The last and largest cycle of testing of all materials 
is now completed; the final version of the Project Physics 
course will be published in 1970 by Holt, Rinehart and 
Winston, Inc., and will incorporate the final revisions and 
improvements as necessary. To this end we invite our students 
and instructors to write to us if in practice they too discern 
ways of imoroving the course materials. 



The Directors 

Harvard Project Physics 
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Prologue In the earlier units of this course we studied 
the motion of bodies: bodies of ordinary size, such as we 
deal with in everyday life, and very large bodies, such as 
planets. V/e have seen how the laws of motion and gravita- 
tion were developed over many centuries and how they are 
used.. We have learned about conservation laws, about waves, 
about light, and about electric and magnetic fields. All 
that we have learned so far can be used to study a problem 
which has bothered people for many centuries: Ihe problem 
^f the nature of matter. The phrase, "the nature of matter, ' 
may seem simple to us now,, but its meaning has been changing 
and growing over the centuiies. The phrase really stands 
for the questions men ask about matter at any given date 
in the development of science; the kind of questions and the 
methods used to find answers to these questions are con- 
tinually changing. For example, during the nineteenth 
century the study of the nature of matter consisted mainly 
of chemistry: m the twentieth century the study of matter 
has moved into atomic and nuclear physics. 

Since 1800 progress has been so rapid that it is easy to 
forget that people have theorized about matter for more than 
2500 years. In fact some of the questions for which answers 
have been found only during the last hundred years were asked 
more than two thousand years ago. Some of tne ideas we con- 
sider new and exciting, such as the atomic constitution of 
matter,, were debated in Greece m the fifth and fourth cen- 
turies B.C. In this prologue we shall, therefore, review 
briefly the development of ideas concerning the nature of 
matter up to about 1800. This review will set the stage for 
the four chapters of Unit 5, which wil\ be devoted, in greater 
detail, to the progress made since 1800 on the problem of the 
constitution of matter. It will be shown in these chapters 
that matter is made up of atomr: and that atoms have structures 
about which a great deal of information has been obtained. 

Long before men started to develop the ac^lvitles we call 
science, they were acquainted with snow, wind, rain,, mist 
and cloud; with heat and cold; with salt and fresh waterr 
wine, milk, blood and honey; ripe and unripe fruits* fertile 
and infertile seeds. They saw that plants, animals and men 
were born, that they grew and matured and that they aged 
and died. Men noticed that the world about them was contin- 
ually changing and yet, on a large scale, it seemed to re- 
main much the same* The causes of these changes and of the 
apparent continuity of nature were unknown. So men invented 
gods and demons who controlled nature. Myths grew up around 
the creation of the world and its contents, around 

Monolith — The Face of Half Dome, 1927 (photo by Ansel Adams) 
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See "Structure, Substruc- 
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The Greek mind loved clarity. 
In philosophy, literature, art 
and architecture it sought to 
interfret things with precision 
and in terms of their lasting 
qualities. It tried to discover 
the forms and patterns thought 
to be essential to an understand- 
ing of things. The Greeks de- 
lighted in showing these forms 
and patterns when they found 
them. Their art and architecture 
express beauty and intelligibil- 
ity by means of clarity and bal- 
ance of form. These aspects of 
Greek thought are beautifully 
expressed in the shrine of Delphi. 
The theater, which could seat 
5,000 spectators, impresses us 
because of the size and depth of 
the tiered, semicircular seating 
structure. But even more strik- 
ing Is the balanced, orderly way 
in which the theater is shaped 
Into the landscape so that the 
entire landscape takes on the 
aspect of a giant theater. Tne 
Athenian Treasury has an orderly 
system of proportions, with form 
and function integrated into a 
logical, pleasing whole. The 
statue of the charioteer, with 
its balance and firmness, repre- 
sents a genuine ideal of male 
beauty. After more than 2,000 
years we are still struck by the 
freedom and elegance of ancient 
Greek thought and expression. 



Greek Ideas of Order 
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Basing his ideas on the tradition of atomibts dating 
back to the greek philosophers, Democritus and Leucippus, 
Lucretius wrote in his poem, Do rerum natura (Concerning 
the Nature of Things),. "...Since the atoms are moving 
freely through the void, they must all be kept in motion 
either by their own weight or on occasion by the impact 
of another atom. For it must of ton happen that two of 
them in their course knock together and immediately 
bounce apart in opposite directions, a natural conse- 
quence of their hardness and solidity and the absence 
of anything behind to stop them. 

"As a further indication that all particles of matter 
are on the move, remember that the universe is bottom- 
less: there is no place where the atoms could come to 
rest. As I have already shown by various arguments and 
proved conclusively, space is without end or limit and 
spreads out immeasurably in all directions alike. 

"It clearly follows that no rest iu given to atoms 
in their course through the depths of space. Driven 
along in an incessant but variable movement, some of 
them bounce far apart after a collision while others 
recoil only a short distance from the impact. From 
those that do not recoil far, being driven into a closer 
union and held there by the entanglement of their own 
interlocking shapes, are composed firmly rooted rock, 
the stubborn strength of steel :»nd the like. Those 
others that move freely through larger tracts of space, 
springing far apart and carried far by the rebound — 
these provide for us thin air and blazing sunlight. 
Besides these, there are many other atoms at large in 
empty space which have been thrown out of compound 
bodies and have nowhere even been granted admittance 
so as to bring their motions into harmony." 




This gold earri-^g, made in Greece 
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skill with which ancient artisans 
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the chanoos of the seasons, around the .n'onts man coulJ sco 
happcninc but could not understand. 

Over '1 long period of time men developed some control 
over nature: they ^earned how to smelt ores, to ma'-.*- 
weapons and tools, to produce gold ornaments, glass, perfumes, 
medicancs and beer. Eventually, xn Crecco, about the .».ir 
600 B.C., philosophers — the lovers of wisdom--- started to look 
for rational explanations of natural events,, that i^, ex- 
planations that did not depend on the whims of gods or 
demons. They sought to discover tl^e enduring, urrhanamq 
thinqs out of which the world is made. They starte<^ on the 
problem of explaining how these endurina things can qwr 
rise to *"he changes that wo perceive. This was the beoinnino 
of man's attempts to understand the material world —the 
nature of matter. 

The earliest Greek philosophers thought that all tho 
different thinqs in the world were made out of a sinqlr ba. \c 
bubstancc/ or stuff. Some thought that water was the 
fundamental substance and that all other substances ,jcrc 
derived from it. Others thought that air was the basic 
substance; still others favored f\rc. But neither water, 
air nor fire was satisf actcrv; no one .substance .seemed to 
have enough different properties to give rise to the enormous 
variety of substances in the world. According to another 
view, introduced by Empedocles around 450 B.C., there are 
rour basic types of matter: earth, air, fire and water; 
all materia} things were made out of them. Change comes 
about through the minglinq and separation of these four 
basic materials which unite m aifferent proportions to 
produce the familiar ob:)ects around us; but the basic 
materials were supposed to persist through all these changes. 
This theory was the first appearance m our scientific 
tradition of a model of matter according to which all material 
things are ju*.t different arrangements of a few eternal 
.'iubstances, c elements. 

The first atomic theory of n.^tcer was introduced by the 
Greek philosopher Leucippus, born about ^00 B.C., and his 
pupil Democritus, who 1 /ed from about 460 B.C. to 370 B.C. 
Only scattered fragments of the writings of these philosophers 
remain, but their ideas are discussed in considerable detail 
by Aristotle (384-322 B.C.),. by another Greek philosopher, 
Epicurus (341-270 B.C.) and by the Latin poet Lucretius 
(100-55 B.C.). It is to these men that we owe most of our 
knowledge of ancient atomism. 

The theory of the atomists was based on a nun"ib€r of 
assumptions: (1) that matter is eternal, and that no 



material thing can come from nothing, nor can anything 
material pass into nothing; (2) that material things 
consist of very minute, but not infinitely snail, 
indivisible particles — the word "atom" meant "uncuttable" 
in Greek and, in discussing the ideas of the early 
atomists, we could use the word "indivisibles" instead 
of the word "atoms"; (3) that all atoms are of the 
same kind, that is, of the same substance, but differ in 
size, shape and position; (4) chat the atoms exist in 
otherwise empty space (void), which separates them, and 
because of this space they are capable of movement; 
(5) that the atoms are in ceaseless motion although the 
nature and cause of the atomic motions are not clear. 
In the course of their motions atoms come together and 
form combinations which are the material substances we 
know. When the atoms forming these combinations separate, 
the substances break up. Thus, the combinations and 
separations of atoms give rise to the chances which take 
place in the world. The combinations and separations 
take place in accord with natural laws which are not 
known, but do not require the action of gods or demons 
or other supernatural powers. 

With the above assumptions, the ancient atomists were 
able to work out a consistent story of change, of what 
they sometimes called "com\ng -to-be" and "passing-away . " 
They could not prove experimentally that their theory was 
correct, and they had to be satisfied with a rational 
explanation based on assumptions that seemed reasonable 
to them. The theory was a "likely story," but it was not 
useful for the prediction of new phenomena.. 

The atomic theory was criticized severely by Aristotle, 
who argued, on logical grounds, that no vacuum or void 
could exist and that the ideas of atoms v;ith their 
inherent motion must be rejected.. For a long time 
Aristotle's argument against the void was convincing. 
Not until the seventeenth century did Torricelli's 
experiments (described in Chapter 12) show that a vacuum 
could indeed exist. Aristotle also argued that matter 
is CO ..muous and infinitely divisible so that there can 
be no atoms . 

Aristotle developed a theory of matter as part of his 
grand scheme of the universe, and this theory, v;ith some 
modifications, was thought to be satisfactory by most 
philosophers of nature for nearly tv;o thousand years. 
His theory of matter was based on the four basic substances 

Hi ahoiAlc^ be errtpriasi^z^ Jh<5t Ante's 
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According to Aristotle in his 
Metaphysics , "niere is no con- 
sensus concerning the numbifr or 
nature of these fundanental sub- 
stances. Thales, the first to 
think about such matters, held 
that the elementary substance is 
clear liquid.... He may have got- 
ten this idea froo'. the observa- 
tion that only 'noist matter can 
be wholly integrated into an ob- 
ject — so that all growth depends 
on moisture .... 

"Anaximenes and Diogenes held 
that colorless gas is more ele- 
mentary than clear liquid, and 
that, indeed, it is the most ele- 
mentary of all simple substances. 
On the other hand, Hippasus of 
Metapontum and Heraclitus of 
Ephesus said that the most ele- 
mentary s-jbstance is heat. 
Empedocles spoke of four ele- 
mentary substances, adding dry 
dust to the three already men- 
tioned- . .Anaxagoras of Clazomenae 
says that there are an infinite 
number of elementary constituents 
of matter....** {From a transla- 
tion by D. E. Gershenson and 
D. A. Greenberg. ] 



"TPie fburelenxeiik were 
nfft IPxe same as ordioarij 
exxtlh , oxr , fir^ ayxd wetter; 
each of which had £ome 
adynixtUre, of all. 



EARTH 



or "elements," earth, air, fire and water, and four 
"qualities," cold, hot, moist and dry. Each element was 
characterized by two qualities. Thus the elemsnt 
earth is dry and cold 
water is cold and moist 

air is moist and hot 

fii^e is hot and dry. 

According to Aristotle, it is always the first of the two 
qualities which predominates. The elements are not 
unchangeable; any one of them may be transformed into any 
other because of one or both of its qualities changing 
into opposites. The transformation t^.kes place most easily 
between two elements having one quality in common; thus 
earth is transformed into water when dryness changes into 
moistness, Aristotle worked out a scheme of such possible 
transformations which can be shown in the following 
diagram: 
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Carth can also be transformed into air 
if both of che qualities of earth (dry, 
cold) are changed into their opposites 
(moist, hot) . Water can be transformed 
into fire if both of its qualities 
(cold, moist) are changed into their 
opposites (hot, dry) 

AIR Aristotle was also able to explain 
many natural phenomena by means of his 
ideas. Like the atomic theory, Aris- 
totle's theory of coming-to-be and 
passing-av;ay was consistent, and consti- 
tuted a model of the nature of matter. 
It had certain advantages over the 
atomic theory: it was based on ele- 
ments and qualities that were familiar 
to people: It did not involve the use of atoms, which 
couldn't be seen or otherwise perceived, or of a void, 
which was difficult to imagine. In addition, Aristotle's 
theory provided some basis for further experimentation; 
it supplied what seemed like a rational basis for the 
possibility of changing one material into another. 

During th period 300 A.D. to about 1600 A.D., atomism 
declined although it did not die oi't completely. Chris- 
tian, Hebrew and Moslem theologians considered atomists 
to be "atheistic" and "materialistic" because they claimed 
that everything in the universe can be explained in terms 
of matter and motion. The atoms of Leucippus and Democritus 
moved through empty space, devoid of spirit, and witn no 
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definite plan or purpose. Such an idea was contrary to 
the beliefs of the ma^or religions. 

About 300 or 400 years after Aristotle, a kind of re- 
search called alchemy appeared m the Near and Far East. 
Alchemy in the Near East was a combination of Aristotle's 
ideas about matter with methods of treating ores and met- 
als. One of the aims of the alchemists was to change, or 
transmute, ordinary metals into gold. Although they 
failed to do this, alchemy (along with metallurgy) was a 
forerunner of chemistry. The alchemists studied many of 
the properties of substances that are now classified as 
chemical properties. They invented many of the pieces of 
chemical apparatus that are still used, such as reaction 
vessels (retorts) and distillation flasks. They studied 
such processes as calcination, distillation, fermentation 
and sublimation. In this sense alchemy may be regarded 
as the chemistry of the Middle Ages. Bat alchemy left un- 
solved some of the fund'Tiental questions. At the opening 
of the eighteenth century the most important of these 
questions were: first, what is a chemical element; second, 
what is the nature of chemical composition and chemical 
change, especially burning; third, what is the chemical 
nature of the so-called elements, air, fire and water. 
Until these questions were answered, it was impossible 
to make real progress in finding out what ni^*-*-er is. One 
result was that the "scientific revo: . or the seven- 
teenth century, which clarified the problems of astronomy 
and dynamics, did not reach chemistry until the eighteenth 
century . 

During the seventeenth century, however, some forward 
steps were made which supplied a basis for future progress 
on the problem of matter. The Copernican and Newtonian 
revolutions undermined the authority of Aristotle to such 
an extent that his ideas about matter were also questioned. 
Atomic concepts were revived because atomism offered a way 
of looking at things that was very different from Aris- 
totle's ideas. As a result theories involving "atoms," 
"particles" or "corpuscles" were again c idered seri- 
ously. Boyle's models of a gas (Chapter 11) were based 
on the idea of "gas particles." Newton also discussed 
the behavior of a gas (and even of lightl) by supposing 
it to consist of particles. Thus, the stage was set for 
a general revival of atomic theory. 

In the eighteenth century, chemistry became more quan- 
titative as the use of the balance was increased. Many 
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One of those who contributed 
greatly to the revival of atomism 
was Pierre Gassendi (1592-1655), 
a French priest and philosopher. 
He avoided the criticism of atom- 
ism as atheistic by saying that 
God also created the atoms and 
bestowed motion upon them. 
Gassendi accepted the physical 
explanations of the atomists, 
but rejected their disbelief in 
the immortality of the soul and 
in Divine Providence. He was 
thus able to provide a philo- 
sophical justification of atomism 
which met some of the serious 
religious objections. 
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new substances were isolated and their properties examined.^ 
The attitude that grew up m tne latter half of the cen- 
tury was exemplified by that of Henry Cavendish (1731-1810)/ 
who, according to a biographer, regarded the universe as 
consisting 

....solely of a multitude of objects which could be 
weighed, numbered, and measured; and tne vocation to 
v/hich he considered himself called was to weigh, num- 
ber, and measure as many of those objects as his al- 
loted threescore years and ten would permit.... He 
weighed the Earth; he analysed the Air; he discovered 
the compound nature of Water; he noted with numerical 
precision the obscure actions of the ancient element 
Fire . 

Eighteenth-century chemistry reached its peak in the 
work of Lavoisier (1743-1794), who worked out the modern 
views of combustion, established the law of conservation 
of mass (see Chapter 9), explained the elementary nature 
of hydrogen and oxygen and the composition of water, and 
emphasized the quantitative aspects of ch'emistry.^ His 
famous book, Traite Elementaire de Chimie (or Elements of 
Chemistry ) , published m 1789, established chemistry as 
a modern science. In it, he analyzed the idea of element 
m a way which is very close to our modern views: 

...if, by the term elements we mean to express those 
simple and indivisible atoms of which matter is com- 
posed, it is extremely probable that we know nothing 
at all about them; but if we apply the term elements , 
or principles of bodies , to express our idea of the 
last point which analysis is capable of reaching, we 
must admit as elements, all the substances into wnich 
we are capable, by any means, to reduce bodies by de- 
composition.^ Not that we are entitled to affirm that 
these substances we consider as simple may not be com- 
pounded of two, or even of a greater niunber ot prin- 
ciples; but since these principles cannot be separated, 
or rather since we have not hither tp discovered the 
means of separating them, they act with regard to us 
as simple substances, and we ought never to suppose 
them compounded until experiment and observation have 
proved them to be so. 

During the latter half of the eighteenth century and 
the early years of the nineteenth century great progress 
was made in chemistry because of the increasing use of 
quantitative methods. Chemists found out more and more 
about the composition of substances. They separated 
many elements and showed that nearly all substances are 
compounds — combinations — of chemical elements. They 
learned a g, t deal about how elements combine to form 
compounds and how compounds can be broken down into the 
elements of which they are composed. This information 
made it possible for chemists to establish certain laws 
of chemical combination. Then chemists sought an expla- 
nation for these laws . 
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During the first ten years of the nineteenth century, John 
Dalton, an English chemist, introduced a modified form of the 
old Greek atomic theory to account for the laws of chemical 
coinbi nation. It is here that the modern story of the atom 
begins. Dal ton's theory was an improvement over that of 
Democritus, Epicurus and Lucretius because it opened the way 
for the quantitative study of the atom in the nineteenth 
century. Today the existence of the atom is no longer a topic 
of speculation. There are many kinds of experimental evi- 
dence, not only for the existence of atoms but also for their 
structure. This evidence, which began to accumulate about 
150 years ago, is now convincing. In this unit we shall 
trace the discoveries and ideas that produced this evidence. 

The first mass of convincing evidence for the existence 
of atoms and the first clues to the nature of atoms came 
from chemistry. We shall therefore,, start with chemistry 
in the early years of the ni.neteenth century- this is the 
sub:)ect of Chapter 17. We shall see that chemistry raised 
certain questions about atoms which could only be answered 
by physi 's. Physical evidence, accumulated in the nineteenth 
century and the early years of the twentieth century, made it 
possible to propose atomic models of atomic structure. 
This evidence and the earlier models will be discussed in 
Chapters 18 and 19. The latest ideas about atomic theory 
will be discussed m Chapter 20. 



A chemical laboratory of the 18th century 



Chapter 17 The Chemical Basis of Atomic Theory 
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17.i palton's atomic theory and the laws of chemical combination . 
The atomic theory of John Dalton appeared in his treatise, 
A New Sys tem of Chemical Philosophy , published in two parts, 
in 1808 and 1810. The main postulates of his theory were: 



(1) Matter consists of indivisible atoms. 

...matter, though divisible in an extreme degree , is 
nevertheless not infinitely divisible. That is, 
there must be some point beyond which we cannot go 
in the division of matter. The existence of th^se 
ultimate particles of matter can scarcely be doubted, 
though they are probably much too small ever to be 
exhibited by microscopic improvements. I have chosen 
the word atom to signify these ultimate particles.... 
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(2) Each element consists of a characteristic kind o^ 
Identical atoms. There are consequently as many different l^^xown to he riot 
kinds of atoms as there are elements. The atoms of an 
element "are perfectly alike in weight and figure, etc." 

(3) Atoms are unchangeable. 

(4) When different elements combine to form a compound, 
the smallest portion of the compound consists of a grouping 
of a definite number of atoms of each element. 

(5) In chemical reactions, atoms are neither created 
nor destroyed, but only rearranged. 

Dalton's theory really grew out of his interest in 
meteorology and his research on the composition of the 
atmosphere. He tried to explain many of the physical 
properties of gases in terms of atoms. At first he 
assumed that the atoms of all the different elements had 
the same size. But this assumption didn't work and he 
was led to think of the atoms of different elements as 
being different in size or m mass. In keeping with the 
quantitative spirit of the time, he tried to determine 
the numerical values for the differences in mass. But 
before considering how to determine the masses of atoms 
of the different elements, let us see how Dalton's 
postulates make it possible to account for the laws of 
chemical combination. 

we consider first the law of conservation of mass. 
In 1774, Lavoisier studied the reaction between tin and 
oxygen in a closed and sealed container. When the tin 
is heated in air, it reacts with the oxygen in the air 
to form a compound, tin oxide, which is a white powder. 
Lavoisier weighed the sealed container before and after 
the chemical reaction and found that the mass of the 
container and its contents was the same before and after 
the reaction. A modern example of a similar reaction is 



Meteorology is a science that 
deals with the atmosphere and 
its phenomena — weather forecast- 
ing is one branch of meteorology. 
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the flashing of a photographic flash bulb containing mag- 
nesium. The flash bulb is an isolated system containing two 
elements, magnesium (in the form of a wire) and oxygen gas, 
sealed in a closed container. When an electric current passes 
through the wire, a chemical reaction occurs with a bril- 
liant flash. Magnesium and oxygen disappear, and a white 
powder, magnesium oxide, is formed. Comparison of the mass 
after the reaction with the mass before the reaction shows 
that there is no detectable change in mass; the mass is 
the same before and after the reacicion. Careful work by 
many experimenters on many chemical reactions has shown 
that mass is neither destroyed nor created, in any detect- 
able amount, in a chemical reaction. This is the law of 
conservation of mass . 

According to Dalton*s theory (postulates 4 and 5) chem- 
ical changes are only the rearrancjements of unions of 
atoms. Since atoms are unchangeable (according to postu- 
late 3) rearranging them cannot change their masses. 
Hence, the total mass of all the atoms before the reaction 
must equal the total mass of all the atoms after the 
reaction. Dalton's atomic theory, therefore, accounts 
in a simple and direct way for the law of conservation 
of mass. 

A second law of chemical combination which could be 
explained easily with Dalton's theory is the law of 
definite proportions . This law states that a particular 
chemical compound always contains the same elements united 
in the same proportions by weight. For example, the ratio 
of the masses of oxygen and hydrogen which combine to 
form water is always 7.94 to 1, that is, 

mass of oxygen _ 7.94 
mass of hydrogen ~ 1 

If there is more of one element present, say 10 grams of 
oxygen and one gram of hydrogen, only 7.94 grams of oxygen 
will combine with the hydrogen. The rest of the oxygen, 
2.06 grams, remains uncombined. 

The fact that elements combine in fixed proportions 
means also that each chemical compound has a certain defi- 
nite composition. Thus, by weight, water consists of 88.8 
percent oxygen and 11.2 percent hydrogen. The decomposition 
of sodium chloride (common salt) always gives the results: 
39 percent sodium and 61 percent chlorine by weight. This 
is another way of saying that 10 grams of sodium always 
combine with 15.4 grams of chlorine to form sodium chloride. 
Hence, the law of definite proportions is also referred to 
as the law of definite composition . 
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Now let us see how Dalton's theory can be applied to 
a chemical reaction, say, to the formation of water from 
oxygen and hydrogen. First, according to Dalton's second 
postulate, all the atoms of oxygen have the same mass; 
all the atoms of hydrogen have the same mass, which is 
different from the mass of the oxygen atoms. To express 
the mass of the oxygen entering into the reaction, we 
multiply the mass of a single oxygen atom by the number 
of oxygen atoms: 



mass of oxygen 



/ mass of 1 > 
\ oxygen atom/ 



/ number of 
\oxygen atomsj 



Similarly, the mass of hydrogen entering into the reaction 
is equal to the product of the number of hydrogen atoms 
entering into the reaction and the mass of one hydrogen 
atom: 
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mass of hydrogen 



_/ mass of 1 \ 
Vhydrogen atom/ 



/ number of \ 
Vhydrogen atoms /* 
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To get the ratio of the mass of oxygen entering into the 
reaction to the mass of hydrogen entering into the reac- 
tion, we divide the first equation by the second equation: 



mass of oxygen 
mass of hydrogen 



(mass of 1 \ 
oxygen atom J 



(number of \ 
oxygen atoms / 



/ mass of 1 \ / 
^hydrogen atom/ [] 



number of \ 
hydrogen atoms y 
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Now, the masses of the atoms do not change (postulate 3) , 
so the first ratio on the right side of the resulting 
equation has a certain unchangeable value. According to 
postulate 4, the smallest portion of the compound, water 
(now called a molecule of water) consists of a definite 
number of atoms of each element. Hence the numerator of 
the second ratio on the right side of the equation has a 
definite value, and the denominator has a definite value, 
so the ratio has a definite value. The product of the two 
ratios on the right hand side therefore, has a certain 
definite value. This equation then tells us that the ratio 
of the masses of oxygen and hydrogen that combine to form 
water must have a certain definite value. But this is just 
the law of definite proportions or definite composition. 
Thus, Dalton's theory also accounts for this law of chem- 
ical combination. 

There are other laws of chemical combination which are 
explained by Dalton's theory. Because the argument would 
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John Dalcon (1766-1844). His 

firs-t love was meteorology and 

he kept careful daily weather 

records for 46 years — a total of 

200,000 observations. He was 

the first to describe color 

blindness in a publication, and 

was color-blind himself, not 

exactly an advantage for a 

chemist who had to see color 

changes in chemicals (his color 

blindness may help to explain 

why Dalton was a rather clumsy 

and slipshod experimenter). But 

his accomplish nts rest not 

upon successful experiments, but 

upon his interpretation of the 
work of others. Dalton's notion 

that all elements were composed 

of extremely tiny, indivisible 
and indestructible atoms, and 

that all Substances are composed 
of combinations of these atoms 
was accepted by most chemists 
with surprisingly little opposi- 
tion. There were many attempts 
to honor him, but being a Quaker, 
he shunned any form of glory. 
When he received a doctor's de- 
gree from Oxford, hit colleagues 
wanted to present him to King 
William IV. He had always re- 
sisted such a presentation be- 
cause he would not wear court 
dress. However, his Oxford 
robes would satisfy the protocol. 
Unfortunately, they were scarlet 
and a Ouaker could not wear scar* 
let. But Dalton could see no 
scarlet and was presented to the 
king in robes which he saw as 

"fe our 03rcyjLyr\€>r)X 

get complicated and nothing really new would be addea, we 
shall not discuss them, 

Dalton's interpretation of the experimental facts of 
chemical combination made possible several impoitant con- 
clusions: (1) that the differences between one chemical 
element and another would have to be described m terms 
of the differences between the atoms of which these ele- 
ments were made up; (2) that there were, therefore, as 
many different types of atoms as there were chemical 
elements; (3) i^aat chemical combination was the union of 
atoms of different elements into molecules of compounds, 
Dalton's theory also showed that the analysis of a large 
number of chemical compounds could make it possible to 
assign relative mass values to the atoms of different 
elements. This possibility will be discussed in the 
next section, 

, ' N 

Q1 What did Dalton assume about the atoms of an element? 

02 What two experimental laws did Dalton's assumptions explain? 




A page from Dalton's notebook, 
showing his representation of 
two adjacent atoms (top) and of 
a molecule or "compound atom" 
(bottom) 
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17.2 The atomic mass es of the elements . One of the most 

important concepts to come from Dalton's work is that of 
atomic mass and the possibility of determining numerical 
values for the masses of the atoms of different elements. 
Dalton had no idea of the actual masses of atoms except 
that he thought they were very small. In addition, 
reasonable estimates of atomic size did not appear until 
about 50 years after Dalton published his theory. They 
came from the kinetic theory of gases and indicated that 
atoms (or molecules) had diameters of the order of 10- 
meter. Atoms are thus much too small for mass measurements 
to be made on single atoms. But relative values of atomic 
masses can be found by using the law of definite proportions 
and experimental data on chemical reactions. 

To see how this could be done we return to the case of 
water, for which, as we saw in the last section, the ratio 
of the mass of oxygen to the mass of hydrogen is 7.94:1. 
Now, if we knew how many atoms of oxygen and hydrogen are 
contained in a molecule of water we could find the ratio 
of the mass of the oxygen atom to the mass of the hydro* 
gen atom. Dalton didn't know the numbers of oxygen and 
hydrogen atoms in a molecule of water. He therefore made 
an assumption. As scientists often do, he made the simplest 
assumption, na^.iely, that one atom of o:;ygen combines witii 
one atom of hydrogen to form one "compound atom" (molecule) 
of water. By thi*^ reasoning Dalton concluded that the 
oxygen atom is 7.94 times more massive than the hydrogen 
atom. 

More generally, Dalton assumed that when only one com- 
pound of two elements, A and B, exists, one atom of A 
always combines with one atom of B. Although Dalton could 
then find values of the relative masses of different atoms 
later work showed that Dalton*s assumption of one to ore 
ratios was often incorrect. For example, it was found 
that one atom of oxygen combines with two atoms of nydro- 
gen to form one molecule of water, so the ratio ot the 
mass of an oxygen atom to the mass of a hydrogen atom is 
15.88 instead of 7.94. By studying the composition of 
water as well as many other chemical compounds, Dalton 
found that the hydrogen atom appeared to have less mass 
than the atoms of any other elements. Therefore, he pro- 
posed to express the masses of atoms of all other elements 
in terms of the mass of the hydrogen atom. Dalton defined 
the relative atonic mass of an element as the mass of an 
atom of that element compared to the mass of a hydrogen 
atom. This definition could be used by chemists in the 
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The progress made in identifying 
elements in the 19th century may 
be seen in the following table. 

Total number 
Year of elements identified 

1720 14 

1740 15 

1760 17 

1780 21 

1800 31 

1820 49 

1840 56 

1860 60 

1880 69 

1900 83 



17.2 

nineteenth century even before the mas.ses of individual 
atoms could be measured directly. All that was needed 
was the ratios of masses of atoms; these ratios could be 
found by measuring the masses of substances in chemical 
reactions (see Sec. 17.1). For example, we can say that 
the mass of a hydrogen c?tom is "one atomic mass unit" 
(1 amu) . Then, if we know that an oxygen atom has a mass 
15.38 times as great as that of a hydrogen atom, we can 
say that the atomic mass of oxygen is 15.88 atomic mass 
units. The system of atomic masses used in modern 
physical science is based on this principle, although it 
differs in details (and the standard for comparison is 
now carbon instead of oxygen) . 

During the nineteenth century chemists extended and 
improved Dalton's ideas. They studied many chemical 
reactions quantitatively, and developed highly accurate 
methods for determining relative atomic and molecular 
masses. More elements were isolated and their relative 
atomic masses determined. Because oxygen combined readily 
with many other elements chemists decided to use oxygen 
rather than hydrogen as the standard for atomic masses. 
Oxygen was assigned an .-tomic mass of 16 so that hydrogen 
could have an atomic mass close to one. The atomic masses 
of other elements could be obtained, relative to that of 
oxygen, by applying the laws of chemical combination to 
the compounds of the elements with oxygen. By 1872, 63 
elements had been identified and their atomic masses 
determined. They are listed in Table 17.1, which gives 
modern values for the atomic masses. This table contains 
much valuable information, which we shall consider at 
greater length in Sec. 17.4. (The special marks, circles 
and rectangles, will be useful then.) 



Q3 Was the simplest chemical formula necessarily correct? 
Q4 Why did Dalton choose hydrogen as the unit of atomic mass? 



Several different representations 
of a water molecule. 
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Table 17.1 Elements known by 1872 



Name 



Symbol 



hydrogen H 

□ lithium Li 
beryl liuri Be 
boron B 
carbon C 
nitrogen N 
oxygen O 

I O fluorine F 

! Qsodium Na 

[ magnesium Mg 

aluminum Al 

silicon Si 

phosphorus P 

sulfur S 

O chlorine CI 

□ potassium K 
calcium Ca 
titanium Ti 
vanadium V 
chromium Cr 
manganese Mn 
i ron Fe 
cobal t Co 
nickel Ni 
copper Cu 
zinc Zn 
arsenic As 
selenium Se 

O bromine Rr 

□ rubidium PJd 
strontium Sr 
yttrium Yt 
zirconium Zr 
niobium Nb 
molybdenum Mo 
ruthenium Ru 
rhod i um Rh 
palladium Pd 
silver Ag 



Atomic 
Mass* 



1 
6 
9 

10 

12 

14 

16 

19, 

23, 

24, 

27, 

28, 

31. 

32. 

35. 

39. 

40. 

47. 

50. 

52. 

54. 

55. 

58. 

58. 

63. 

65. 

74. 

79. 

79. 

85. 

87. 

88. 

91. 

92. 

95. 
101. 
102. 
106. 
107. 



.0 
.9 
.0 
.8 
.0 
.0 
.0 
.0 
.0 
.3 
.0 
.1 
.0 
.1 
. 5 
.1 
.1 
.9 
.9 
.0 
.9 
. 8 
.9 
.7 
. 5 
4 
9 
0 
9 
5 
6 
9 
2 
9 
9 

1(104) 
9(104) 
4 
9 



Name 



Symbol 



Atomic 
Mass* 



cadmium 

indium 

tin 

antimony 
tellurium 

O iodine 

□ cesi um 
barium 
didymi»jjn( 
cerium 
erbium 
lanthanum 
tantalum 
tungsten 
osmium 
iridium 
platinum 
gold 
mercury 
thallium 
lead 
bismuth 
thorium 
uranium 



Cd 
In 
Sn 
Sb 
Te 
I 

Cs 
Ba 
**)Di 
Ce 
Er 
La 
Ta 
W 
OS 
Ir 
Pt 
Au 
Hg 
TI 
Pb 
Bi 
Th 
U 



112 
114. 

lie. 

121, 
127, 
126, 
132. 
137, 

140, 
167, 
138, 
)80, 
183, 
190, 
192, 
195, 
197, 
200. 
204. 
207, 
209. 
232, 
238, 



4 

8(113) 

7 

7 

6(125) 

9 

9 

3 

(138) 

1 

3(178) 
9(180) 
9(182) 
9 

2(195) 

2(197) 

1(198) 

0(199) 

6 

4 

2 

0 

0 

0(240) 



Atomic masses given are 
modern values. Where these 
differ greatly from those 
accepted in 1872, the old 
values are given in paren- 
theses. 

Didymium (Di) was later 
shown to be a mixture 
of two different ele- 
ments, namely praseodymium 
(Pr; atomic mass 140.9) and 
neodymium (Nd; atomic mass 
144.2) . 



( 



T7.3 other properties of the elements; valence . In addition 
to the atomic masses, many other properties of the 
elements and their compounds were determined. Among 
these properties were: melting point, boilina point, 
density, electrical conductivity, thermal conductivity 
(the ability to conduct heat), specific heat (the amount 
of heat needed to change the temperature of one gram of 
a substance by 1°C) , hardness, refractive index and others. 
The result was that by 1870 an enormous amount of information 
was available about a large number of elements and their 
compounds . 

One of the most important properties that chemists 
studied was the combining ability or combining capacity 
of an element. This property, which is called valenc e. 



In the thirteenth century a 
great theologian and philosopher, 
Albertus Magnus (Albert the 
Great) introduced the idea of 
affinity to denote an attractive 
fores between substances that 
causes them to enter Into chemi- 
cal combination. It was not un- 
til 600 years later that it 
became possible to replace this 
qualitative notion by quantita - 
tive concepts. Valence is one 
of these quantitative concepts. 
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17.3 

playr an important part m our story. As a result of 
studies of chemical compounds, chemists were able to 
assign fomulas to the .nolecules of compounds. These 
formulas show how many atoms of each element are 
contained in a molecule. For example, water has the 
familiar formula H^O, which indicates that the smallest 
piece of water that exists as water contains two atoms 
of hydrooen and one atom of oxygen. Hydrogen chloride 
(hydrochloric acid) hai the formula nci: one atom ot 
hydrogen combines wit/. Dne atom of chlorine. Common salt 
may be represented by the formula NaCl; this indicates 
that one atom of sodium combines with one atom of chlorine 
to form sodium chloride. Another salt, calcium chloride 
(which IS used *o melt ice on roads), has the formula 
CaClp;; one atom of calcium combines with two ato.nis of 
chlorine to form this compound. Carbon tetrachloride, 
a common compound of chlorine used for dry cleaning, has 
the formula CClg where C stands for a carbon atom which 
combines with four chlorine atoms. Another common 
substance, ammonia, has the formula NH3: m this case one 
/5tom of nitrogen combines with three atoms of hydrogen. 

There are especially important examples of combining 
capacity among the gaseous elements. For example, 
hydrogen occurs in nature in the form ot molecules each 
of which contains two hydrogen atoms. The molecule of 
hydrogen consists of two atoms and has the formula H.. 
Similarly chlorine has the molecular formula CI?. Chemical 
analysis always gives these results. it would be wrong 
to try to assign the formula U3 or Ht, to a molecule of 
hydrogen, or CI, CI3 or Cli, to a molecule of chlorine. 
These formulas would ^ust not agree with the results o; 
e-periments on the composition and properties of hydrogen 
or chlorine. 

The above examples indicate that different elements 
have different capaciti s for chemical combination. It 
was natural for chemists to seek an explanation for these 
differences. They asked the question: why does a sub- 
stance have a certain molecular formula and not some 
other formula? An answer would be possible were we to 
assume that each species of atom is characterized by 
some particular combining capacity, or valence. At one 
time valence was considered as though it might represent 
the number of hooks possessed by a given atom, and thus 
the number of links that an atom could form with others of 
the same or different species. If hydrog-'i and chlorine 
atoms each had just one hook (that is, a valence of 1) we 
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would readily understand how it is that molecules like 

H2, CI2 and HCl are stable, while certain other species 

like H3, H2Ci, HCI2 and CI3 don't exist at all. And if 

the hydrogen atom is thus assigned a valence of 1, the 

formula of water (H2O) requires that the oxygen atom has 

two hooks or a valence of 2. The formula NH3 for ammonia 

leads us to assign a valence of three to nitrogen; the 

formula CHi, for methane leads us to assign a valence of 

4 to carbon; and so on. Proceeding in this fashion, we 

can assign a valence number to each of the known elements. 

Sometimes complications arise as, for example, in the case 

of sulfur. In H2S the sulfur atom seems to have a valence 

of 2, but in such a compound as sulfuric acid (H2SO1,) 

sulfur seems to have a valence of 6.: In this case and 

others, then, we may have to assign two (or e^'en more) 

valence numbers to a single species of atom. At the 

other extreme of possibilities are those elements, for 

example, helium, neon and argon, which have not been found ' ' 

as parts of compounds — and to these elements we may 

appropriately assign a valence of zero. 

The atomic mass and valence are numbers that can be 
assigned to an element; they are "numerical characteriza- 
tions" of the atoms of the element. There are other 
numbers which represent properties of the atoms of the 
elements, but atomic mass and valence were the two most 
important to nineteenth-century chemists. These numbers 
were used in the attempt to find order and regularity 
among the elements — a problem which will be discussed 
in the next section. 



Q5 At this point we have two numbers which are characteristic 
of the atoms of an element. What are they? 



00 Assume the valence of oxygen is 2. In each of the following 
molecules, give the valence of the atoms other than oxygen: CO, 
CO2, NO3, NajO and MnO. 



17.4 The search for order and regularity among the elements . SunrmortA 11. 

By 1872 sixty- three elements were known; they are listed VQrioocS eleme^its ^ havina 
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See "Looking for a New Law" 
in Proiect Physics Reader 5 , 



In 1829 the German chemist 
johann Wolfgang Dobereiner no- 
ticed that elements often formed 
groups of three members with 
similar chemical properties. He 
identified the "triads": chlo- 
rine, bromine and iodine; cal- 
cium, strontium and barium; 
sulfur, selenium and tellurium; 
iron, cobalt and manganese. In 
each "triad," the atomic mass 
of the middle member was approx* 
imately the arithmetical average 
of the masses of the other two 
elements . 



In 1865 the English chemist 
J. A. R. Newlands pointed out 
that the elements could usefully 
be listed simply in the order of 
increasing atomic mass. For 
when this was done, a curious 
fact became evident: not only 
were the atomic masses of the 
elements within any one family 
regularly spaced, as Dobereiner 
had suggested, but there was 
also in the whole list a periodic 
recurrence of elements with 
similar properties: "...the 
eighth element, starting from a 
given one, is a kind of repeti- 
tion of the first, like the 
eighth note in an octave of mu- 
sic." Newlands* proposal was 
met with skepticism. One chemist 
even suggested that Newlands 
might look for similar patterns 
in an alphabetical list of ele- 
ments . 



17.4 

Relationships did indeed appear: there seemed to be 
families of elements with similar properties. One such 
family consists of the so-called alkali metals — lithium, 
sodium, potassium, rubidium and cesium — listed here in 
order of increasing atomic mass. We have placed these 
elements in boxes in Table 17.1. All these metals are 
similar physically: they are soft and have low melting 
points. The densities of these metals are very low; in 
fact, lithium, sodium and potassium are less dense than 
water. The alkali metals are also similar chemically: 
they all have valence 1; they all combine with the same 
elements to form similar compounds. Because they form 
compounds readi .y with other elements; they are said to 
be highly reactive. They do not occur free in nature, 
but are always found in combination with other elements. 

Another family of elements, called the halogens , 
includes, in order ot .Increasing atomic mass, fluorine, 
chlorine, bromine and iodine. The halogens may be found 
in Table 17.1 just above the alkali metals, and they 
have been circled. It turns out that each halogen 
precedes an alkali metal in the list, although the order 
of the listing was simply by atomic mass. 

Although these four halogen elements exhibit some 
marked dissimilarities (for example, at 25^*0 the first 
two are gases, the third a liquid, the last a volatile 
solid) they have much in common. They all combine violently 
with many metals to form white, crystalline salts ( halogen 
means "salt-former") having similar formulas, such as NaF, 
NaCl, NaBr and Nal , or MgF2, MgCl2, MgBr2 and Mgl2. From 
much similar evidence chemists noticed that all four 
members of the family seem to have the same valence with 
respect to any other particular element. All four elements 
form simple compounds with hydrogen (HF, HCl, HBr, HI) 
which dissolve in water and form acids. All foar, under 
ordinary conditions, exist as diatomic molecules, that 
is, each molecule contains two atoms. 

The elements which follow the alkali metals in the list 
also form a family, the one called the alkaline earth 
family ; this family includes beryllium, magnesium, calcium, 
strontium and barium. Their melting points and densities 
are higher than those of the alkali metals. The alkaline 
earths all have a valence of two, and are said to be 
divalent. They react easily with many elements but not 
as easily as do the alkali metals. 

The existence of these families of elements encouraged 
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chemists to look for a systematic way of arranging the 
elements so that the members of a family would group 
together. Many schemes were suggested; the most successful 
was that of the Russian chemist, D.I. Mendeleev. 



Q7 What are three properties of elements which recur system- 
atically with increasing atomic mass? 



T7.5 Mendeleev's periodic table of the elements. Mendeleev, 
examining the properties of the elements, came to the con- 
conclusion that the atomic masses supplied the fundamental 
"numerical characterization" of the elements. He 
discovered that if the elements were arranged in a table 
in the order of their atomic masses — but in a special 
way — the different families appeared in columns of the 
table. In his own words: 



The first attempt which I made in this 
following: I selected the bodies with the 
ic weights and arranged them in the order 
of their atomic weights. This showed that 
existed a period in the properties of the 
bodies y and even in terms of their atomici 
ments followed each other in the order of 
succession of the size of their atoms: 

Li 



=7 Be=9 . 4 
Na=23 Mg=24 
K=39 Ca=40 



B=ll 
Al=27.4 



C^12 
Si=28 
Ti=50 



N=14 
P=31 
V=51 



O 

s= 

et 



way was the 
lowest atom- 
of the size 

there 
simple 
ty the ele- 
arithmetic. 

16 F=1S 
32 Cl=35.3 
cetera 



Mendeleev set down seven elements, from lithium to 
fluorine, in the order of increasing atomic masses, and 
then wrote the next seven, from sodium to chlorine, in 
the second row. The periodicity of chemical behavior is 
already evident before we go on to write the third row. 
In the first vertical column are the first two alVali 
metals. In the seventh column are the first two halogens. 
Indeed, within each of the columns the elemerts are 
chemically similar, having, for example, the came charac- 
teristic valence. 

When Mendeleev added a third row of elements, potassium 
(K) came below elements Li and Na, which are members of 
the same family and have the same valence, namely, 1. 
Next in the row is Ca, divalent like Mg and Be above it. 
In the next space to the right, the element of next higher 
atomic mass should appear. Of the elements known at the 
time, the next heavier was titanium (Ti) , and it was placed 
in this space under Al and B by various workers who had 
tried to develop such schemes. Mendeleev, however, recog- 
nized that Ti has ::hemical properties similar to those of 



Although chemically similar 
elements did occur at periodic 
intervals, Newlands did not 
realize that the number of ele- 
ments in a period changed if one 
continued far enough. This was 
recognized by Mendeleev. 



In this table, hydrogen was 
omitted because of its unique 
properties. Helium and the 
other elements of the family of 
noble gases had not yet been 
discovered.; 
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Dmitri Ivanovich Mendeleev (men-deh-lay' -ef ) 
(1834-1907) received his first science les- 
sons from a political prisoner who had been 
banished to Siberia by the Czar. Unable to 
get into college in Moscow, he was accepted 
in St.- Petersburg, where a friend of his 
father had some influence. In 1866 he be- 
came a professor of chemistry there; in 
1869 he published his first table of the 
six^.y- three known elements arranged accord- 
ing to atomic mass. His paper was trans- 
lated -nto German at once and was made 
availab'^e to all scientists. Mendeleev 
came to the United States, where he studied 
the oil fields of Pennsylvania in order to 
advise his country on the development of 
the Caucasian resources . 



C and Si and therefore should be put m 
the fourth vertical column (the pigment, 
titanium white, T1O2 , has a formula com- 
parable to CO2 and Si02, and all three 
elements show a valence of 4) . Then if 
the classification is to be complete, 
there should exist a hitherto unsuspected 
element with atomic mass between that of Ca (40) and Ti (50) 
and with a valence of 3. Here was a definite prediction, and 
Mendeleev found other cases of this sort among the remaining 
elements . 

Table 17.2 is Mendeleev's periodic sy£ ^.em or "periodic 
table" of the elements, proposed in 1872. We note that 
he distributed the 63 elements then known (with 5 in 
doubt) in 12 horizontal rows or series / starting with 
hydrogen at the top left, and ending with uranium at the 
bottom right. All are written in order of increasing 



Table 17.2 Periodic classi- 
fication of the elements; 
Mendeleev, 1872. 



GROUP-* 


I 


U 


III 


IV 


V 


VI 


VII 


VIII 


Higher oxidrs 
and h>drldf« 


RjO 


no 


RjOs 


RO2 
H«R 


R2O5 
H3R 


ROj 
HsR 


R2O7 
HR 


RO4 




1 


H(l) 


















2 




Uf(9 4} 


mil) 


C(12) 


N(14) 


0(16) 


F(19) 






3 


ya{23) 


Mg(24) 


A!(27 3) 


Si(28) 


P(31) 


8(32) 


Cl(35 5) 






4 


K(39) 


Ca(40) 


' (44) 


Ti(48) 


V(51) 


Cr(52) 


Mn(55) 


Ft{56), Co(59), 
Ni(59),Cu<63) 




5 


lCu(63)l 


Zn(6S) 


-(68) 


-(72) 


Ai(7S) 


Se(78) 


Ur(80) 






6 


Rb(85) 


Sr(87) 


'Yt(88) 


Zr(90) 


Nb(94) 


Mo(96) 


-(100) 


Ru(l04),Rh(lO<), 
Pd(106), AgdOP^ 




7 


(Ag(108)l 


Cd(112) 


In(ll3) 


Sn(M8) 


Sb(l22) 


Te(125) 


1(127) 






8 


Cad 33) 


l)a(l37) 


'Di(138) 


'C<(140) 












9 




















10 






'Er(I78) 


'U(I80) 


Tad 82) 


W(184) 




Os(ld5)Jrd97), 
?t(198),Au(JW) 




11 


(Au(199)] 


Hg(20O) 


Tl(204) 


Pb(207) 


ni(208) 










12 








Th(23l) 




U(240) 
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atomic mass (Mendeleev's values given in parentheses) , 
but are so placed that elements with similar chemical 
properties are in the sane vertical column or group . 
Thus in Group VII are all the halogens; in Group VIII, 
only metals that can easily be drawn to form wires; in 
Groups I and II, metals of low densities and melting 
points;, and in Group I, the family of alkali metals.. 

Table 17.2 shows many gaps. But, as Mendeleev realized, 
it revealed an important generalization: 



c^ed trx hi€nd0le,z\/' cdjtx be 
diyrecXed to oru^mal paper 
C(n Cncjlisln) tPic Worid of 



For a true comprehension of the matter it is very 
important to see that all aspects of the distribu- 
tion of the elements according to the order of their 
atomic weights express essentially one and the same 
fundamental dependence — periodic properties . 

By this is meant that in addition to the gradual change 
in physical and chemical properties within each vertical 
group, there is also a periodic change of properties in 
the horizontal sequence, beginning with hydrogen and end- 
ing with uranium. 



This periodic law is the heart of the matter. We can 
best illustrate it as Lothar Meyer did, by drawing a curve 
showing the values of some physical quantity as a function 
of atomic mass. Figure 17.1 is a plot of the atomi c 
volumes of the elements.. This atomic volume is defined 
as the atomic mass of the substance divided i^y its density 
in the liquid or solid state. Each circled point on this 
graph represents an element; a few of the points have been 
labeled with the identifying chemical symbols. Viewed 
as a whole, the graph demonstrates a striking periodicity: 
as the mass increases the atc.iiic volume first drops, then 




Fig. 17.1 The atomic volumes 
elements graphed against their 
atomic masses 
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In 1864, the German chemist 
Lothar Mever wrote a chemistry 
textbook. In this book, he 
considered how the properties of 
the chemical elements might de- 
pend on their atomic masses.; He 
later found that if he plotted 
the atomic volume against the 
atomic mass, the line drawn 
through the plotted points rose 
and fell in two short periods, 
then in two long periods. This 
was exactly what Mendeleev had 
discovered in connection with 
valence. Mendeleev published 
his result in 1869; Meyer pub- 
lished his in 1870. Meyer, as 
he himself later admitted, 
lacked the courage to predict 
the discovery of unknown ele- 
ments. Nevertheless, Meyer 
should be given part of the 
credit for the idea of the 
periodic table. 



increases to a sharp maximum, drops off again and increases 
to another sharp maximum, and so on. And at the successive 
peaks we find Li, Na, K, Rb, Cs , the members of the family 
of alkali metals. On the left-hand side of each peak, 
there is one of the halogens. 

Mendeleev's periodic table of the elements not only 
provided a remarkable correlation of the elements and 
their properties, it also enabled him to predict that 
certain unknown elements must exist and what many of their 
properties should be. To estimate physical properties 
of a missing element, Mendeleev averaged the properties 
of Its nearest neighbors m the table: those to right 
and left, above and below. A striking e>ample of 
Mendeleev's success in using the table in this way is 
his set of predictions concerning t^e gap in Series 
5 Group IV. This was a gap in Group IV, which contained 
elements with properties resembling those of carbon and 
silicon. Mendeleev assigned the name "eka-silicon" (Es) to 
the unknown element. His predictions of the properties of 
this element are listed in the left-hand column that follows. 
In 1887, this element was isolated and identified (it is 
now called "germanium"); its properties are listed in the 
right-hand column. 



"The following are the properties 
which this element should have on 
the basis of the known properties 
of silicon, tin, zinc, and arsenic. 



Its atomic [mass] is nearly 72, 
it forms a higher oxide EsOa , . . . 
Es gives volatile organo-metallic 
compounds; for ins tance . . . Es (C2H5)i^ , 
which boil at about 160°, etc.; 
also a volatile and liquid chloride, 
EsCli*, boiling at about 90** 
and of specific gravity about 1.9..., 
the specific gravity of Es will be 
about 5.5, and ESO2 will have a 
specific gravity of about 4.7, 
etc...." 



The predictions in the left column 
were m^ide by Mendeleev in 18 71. In 
1887 an element (germanium) wns 
discovered which was found to have 
the following properties:^ 

Itb atomic mass is 72.5. 
It forms an oxide GcO , and 
forms an organo-meial lie compound 
Ce(C2H<,)u 

which boilb <it 160° C,^ and 
formb a liquid chlorido, GeCl<j 
which boils at 83° C 
and has a specific gravity 1.9. 
The specific i;ravity of germnnium 
is 5.5 and the specific gravity of 
GeOo IS 4.7. 



Mendeleev's predictions are remarkably close to the 
properties actually found. 

The daring of Mendeleev is shown in his willingness 
to venture detailed numerical predictions; the sweep 
and power of his system is shown above in the remarkable 
accuracy of those predictions. In similar fashion, 
Mendeleev described the properties to be expected for 
the then unknown elements in Group III, Period 4 and m 
Group III, Period 5, elements now called gallium and 
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scandium, and again his predictions turned out to be 
remarkably accurate. 

Even though not every aspect of Mendeleev's work yielded 
such successes, these were indeed impressive results. 
Successful numerical predictions like these are among the 
most desired results in physical science. 



What was the basic ordering principle in Mendeleev *s table? 
Q9 What reasons led him to violate that principle? 
QIO How did he justify leaving gaps in the table? 



17.6 The modern periodic table . The periodic table has had an 
important place in chemistry and physics for nearly one 
hundred years. It presented a serious challenge to any 
theory of the atom proposed after about 1880: the 
challenge of providing an explanation for the order among 
the elements expressed by the table, A successful model 
of the atom must provide a physical explanation for the 
of the elements. in Chapter 19 we shall see how one model 
of the atom — the Bohr model — met this challenge. 

Since 1872 many changes have had to be made in the 
periodic table, but they have been changes in detail 
rather than in general ideas. None of these changes has 
affected the basic feature of periodicity among the 
properties of the elements. A modern form of the table 
is shown in Table 17.3. 
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Table 17.3 A modern form of the 
periodic table of the elements. 
The number above th'i synibol is 
the chemist's atom-lc weight, the 
number below the symbol Is the 
atomic number. 



Although Mendeleev's table had 
eight columns, the column la- 
belled Vm did not contain a 
family of elements. It con- 
tained the "transition" elements 
which are now in the long series 
(pel lods) labelled 4,5 and 6 in 
Table 17.3. The group labelled 
"0" in Table 17.3 does consist 
of a family of elements, the 
noble gases, which do have simi- 
lar properties. 



Helium was first detected in the 
spectrum of the sun in 1868 
(Chapter 19). Its name comes 
from helios . the Greek word for 
the sun. It was not discovered 
on earth until 1895, when Ramsay 
found it in a uranium-containing 
mineral (Chapter 21). Almost 
all the helium in the world 
comes from natural gas wells 
in Texas, Kansas and Oklahoma. 
Helium is lighter than air, and 
is widely used in balloons and 
blimps instead of highly flam- 
mable hydrogen. 
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One difference between the modern and olc^er tables is 
that new elements have been added.. Forty new elements 
have been identified since 1872, so that the table now 
contains 10 3 elements. Some of these new elements are 
especially interesting, and we shall need to know 
something about them. 

Comparison of the modern form of the table w^th Men- 
deleev's table shows that the modern table contains eight 
groups, or families, instead of seven. The additional 
group is labeled "zero." In 1894, the British scientists 
Lord Rayleigh and William Ramsay discovered that about 
1 percent of our atmosphere consists of a gas that had 
previously escaped detection. It was given the name 
argon (syinbol Ar) . Argon does not seem to enter into 
chemical combination with any other elements, and is 
not similar to any of the groups of elements in 
Mendeleev's original table. Other elements similar to 
argon were also discovered: helium (He) , neon (Ne) , 
krypton (Kr) , xenon (Xe) , and radon (Rn) . These elements 
are considered to form a new group or family of elements, 
called the "noble gases." (In chemistry, elements such 
as gold and silver that react only rarely with other 
elements were called "noble" and all the members of the 
new family are gases at room temperature.) Each noble 
gas (with the exception of argon) has an atomic mass 
slightly smaller than that of a Group I element. The 
molecules of the noble gases contain only one atom, and 
until only a few years ago no compound of any noble gas 
was known. The group number zero was thought to correspond 
to the chemical inertness, or zero valence of the members 
of the group. In 1963, some compounds of xenon and krypton 
were produced, so that -these elements are not really inert. 
These compounds are not found in nature, and are unstable 
when they are made in the laboratory. The noble gases 
are certainly less liable to react chemically than any 
other elements and their position in the table does 
correspond to their "reluctance" to react. 

In addition to the noble gases, two other sets of element 
had to be included in the table. After the fifty-seventh 
place, room had to be made for a whole set of 14 chemically 
almost indistinguishable elements, known as the rare earths 
or lanthanide series. Most of these elements were unknown 
in Mendeleev's time. Similarly, a set of 14 very similar 
elements, forming what is called the actinide series, 
belongs immediately after actinium at the eighty-ninth 
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place. These elements are shown in two rows below the 
main table. No more additions are now expected within the 
table. There are no known gaps, and we shall see m 
Chapters 19 and 20 that according to the best theory of 
the atom now available, no new gaps should appear. 

Besides the addition of new elements to the periodic 
table, there have also been some changes of a more general 
type. As we have seen, Mendeleev arranged the elements 
in order of increasing atomic mass. In the late nineteenth 
century, however, this basic scheme was found to break 
down in several places. For example, the chemical 
properties of argon (Ar) and potassium (K) demand that 
they should be placed in the eighteenth and nineteenth 
positions, whereas on the basis of their atomic masses 
alone (39.948 for argon, 39.102 for potassium), their 
positions should be reversed. Other reversals of this 
kmJ have been found necessary, for example, for the 
fifty-second element, tellurium (at. mass = 127.60) and 
the fifty-third, iodine (at. mass = 126.90). The 
consecutive integers that indicate the number for the 
best position for the element, according to its chemical 
properties, are called the atomic numbers ; the atomic number 
is usually denoted by the symbol Z; thus for hydrogen, 
Z = 1; for uranium, Z = 92. The atomic numbers of all the 
elements are given m Table 17.3. In Chapter 19 we shall 
see that the atomic number has a fundamental physical 
meaning related to atomic structure. 

The need for reversals in the periodic table of the ele- 



that of iodine (m.odern value = 126.90 , fifty-third place) yc^X^^^Z 
and, in fact, in 1872 (see Table 17.2) he had convinced 
himself that the correct atomic mass of tellurium was 125! 
Mendeleev overestimated the necessity of the periodic law 
in every detail, particularly as it had not yet received a 
physical explanation. Although the reversals in the se- 
quence of elements have proved to be real (e.g., tellurium, W m 
in fifty-second place, does have a higher atomic mass than \C v u 
iodine, in fifty-third place in the periodic table), their ^ 51 
existence did not invalidate the scheme. Satisfactory expla- 
nations for these reversals have been found in modern atomic 
physics . 



ments would have been a real catastrcph^ to Mendeleev. He 
confidently expected, for example, that the atomic mass of 
tellurium (modern value = 127.60, fifty-second place), when 
more accurately determined, would turn out to be lower than 
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Q11 What is the "atomic number'' of an element? 



27 



ERIC 



Summaru 17.7 

Ihe mveiition of ihe electno 
ba%ru made foBs)ble'l(rie 
Studij^o^ Hhe reSjf>onse of 
chenncal ccmpoiAnds to 
ele^i 'o current . Compounds 
fiat had^mwiouslu defied 
decompomon coulcl: easilij be 
decomposed. Such ^elec^d^ts 
led to it^ discovorij of 



Fig. 17.2 




• 1 



17.7 Electricity and matter; qualitative studies . While 
chemists were applying Dalton's atomic theory, another 
development was taking place which opened an important 
path to our understanding of the atom. Sir Humphry Davy 
and Michael Faraday made discoveries which showed that 
electricity and matter are intimately related. Their 
work marked the beginning of electrochemistry . Their 
discoveries had to do with the breaking down, or 
decomposition, of chemical compounds by electric currents. 
This process is called electrolysis . 

The study of electrolysis was made possible by the 
invention of the electric cell by the Italian scientist 
Alessandro Volta, in 1800. Volta's cell consisted of a 
pair of zinc and copper discs, separated from each other 
by a sheet of paper moistened with a weak salt solution. 
As a result of chemical changes occurring in the cell, an 
electric potential difference is established across the 
cell. A battery usually consists of several similar cells 
connected together . 

A battery has two terminals, one positively charged 
and the other negatively charged. When the terminals are 
connected to each other, outside the battery, by means of 
certain materials, there is an electric current in the 
battery and the materials. We say that we have a circuit. 
The connecting materials in which th^ current exists are 
called conductors of electricity. Thus, the battery can 
produce and maintain an electric current. It is not the 
only device that can do so, but it was the first source 
of steady currents. 

Not all substances are electrical conductors. Among 
solids, the metals are the best conductors. Some liquids 
conduct electricity. Pure distilled water is a poor 
conductor. But when certain substances such as acids or 
salt are dissolved in water, the resulting solutions are 
good electrical conductors. Gases are not conductors 
under normal conditions, but can be made electrically 
conducting in the presence of strong electric fields, or 
by other methods. The conduction of electricity in gases, 
vital to the story of the atom, will be discussed in 
Cnapter 18. 

VJithin a few weeks after Volta's ^announcement of his 
discovery it was found that water could be decomposed 
into oxygen and hydrogen by the use of electric currents. 
Figure 17.2 is a diagram of an electrolysis apparatus. 
The two terminals of the battery are connected, by 
conducting wires, to two thin sheets of platinum. When 
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^ • £^(ectrolL)si^ effect 

V63 ' Eiecirvli^sts of water 

these platinum sheets are imirersed m ordinary water, 
bubbles of oxygen appear at one sheet and bubbles of 
hydrogen at the other. Adding a small amount of certain 
acids speeds up the reaction without changing the 
products. Hydrogen and oxygen gases aro formed m the 
proportion of 7.94 grams of oxygen to 1 gram of hvdrogen, 
which IS exactly the proportion in which these elements 
combine to form water. Water had previously been impossible 
to decompose, and had been regarded — from ancient times 
until after 1750 — as an element. Thus the ease with which 
water was separated into its elements by electrolysis 
dramatized the chemical use of electricity, and stimulated 
many other investigations of electrolysis. 

Among these investigations, some of the most successful 
were those of the young English chemist Humohry Davy. 
Perhaps the most striking of Davy's successes were those 
he achieved when, in 1807, he studied the effect of the 
current from a large electric battery on soda and potash. 
Soda and potash were materials of commercial importance 
(for example, m the manufacture of glass, soap and 
gunpowder) and had been completely resistant to every 
earlier attempt to decompose them. Soda and potash were 
thus regarded as true chemical elements — up to the time 
of Davy's work. When electrodes connected to a powerful 
battery were touched to a solid lump of soda, or to a 
lump of potash, part of the solid was heated to its melting 
point. At one electrode gaseous oxygen was released 
violently; at the other electrode small globules of molten 
metal appeared which burned brightly and almost explosively 
in air. When the electrolysis was done in the absence of 
air, the metallic material could be obtained. Sodium and 
potassium were discovered in this way.. The metallic 
element sodium was obtained from soda (in which it is 
combined as sodium hydroxide) and the metallic element 
potassium obtained from potash (m which it is combined 
as potassium hydroxide) . In the immediately succeeding 
years electrolytic trials made on several hitherto 
undecomposed "earths" yielded the first samples ever 
obtained of such metallic elements as magnesium, strontium 
and barium: there were also many other demonstrations 
of the striking changes produced by the chemical activity 
of electricity. 

Q12 Why was the first electrolysis of water such a surprising 
phenomenon? 

Q13 Some equally striking results of electrolysis followed. 
What were they? 



This can be explained by as* 
suming that some of the water 
molecules come apart, leaving 
the hydrogen atoms with a + 
charge and the oxygen atoms with 
a - charge; the hydrogen atoms 
would be attracted to the - plate 
and the oxygen to the + plate. 
Farc.day called the charged atoms 
ions (after the Greek word for 
"wanderers"). Solutions of such 
charged particles arc said to be 
ionized . 




Humphry Davy (1778-1829) was the 
son of a farmer. In his youth 
he worked as an assistant to a 
physician but was discharged be- 
cause of his liking for explosive 
chemical experiments. He became 
a chemist, discovered nitrous 
oxide (laughing gas), later used 
as an anaesthetic, and developed 
a safety lamp for miners. His 
work in electrochemistry and his 
discovery of several elements 
made him world-famous; he was 
knighted in 1812. In 1813 Sir 
Humphry Davy hired a young man, 
Michael Faraday, as his assist- 
ant and took him along on an 
extensive trip through France 
and Italy. It became evident to 
Davy chat young Faraday was a 
man of scientific genius. Davy 
is said to have been envious, 
at first, of Faraday's great 
gifts. He later said that he 
believed his greatest discovery 
was Faraday. 
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Electrolysis 



Student laboratory apparatus like that 
m the sketch at the right can be used 
for experiments in electrolysis. This 
setup allows measurement of the amount 
of electric charge passing through the 
solution and of the mass of metal de- 
posited on the suspended electrode. 




Thv separation of elements by electrolysis is 
important in industry, particularly in the pro- 
duction of aluminum. Those photographs show 
the vast scale of a plant where aluminum is 
separated out of aluminum ore in electrolytic 
tanks . 

a) A row of tanks where aluminum, is separated 
out of aluminum ore. 

b) A closer view of '.he front of some tanks » 
showing the thick copper straps that carry 
the current , 

c) A huge vat of molten aluminum that has 
been siphor.ed out of the tanks is poured 
into molds. 
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t7.8 Electricity and matter: quantitative studies . Davy ' s ^umnWi/\ H 8 

work on electrolysis was mainly qualitative. But Bedrx>ci^n^^cOil ^MitS ^hA^ 

quantitative questions were also asked. How much chemical fhc^ 1FiC chdntcal chouno^ pre- 

change can be produced by a given amount of electricity? duced. bw eiady>o{\jlS{S IS ntldJed 

If solutions of different chemical compounds are ^ (Mo^rof^ pOS^n^ 

1, ^ 1 , : ' ^ ^ , ^ vnrotAoh'me^ coW , -fe Ine atomic 

electrolyzed with a given amount of current, how do th<^ ^ # - _/ / 

amounts of chemical change produced compare? Will ^ VOfewc^.TTlUS 

doubling the amount of electricity double the chemical eXedSrKO ckotrgc Vxos a precise 

effects? qucuititiXtive' T^Uxticmsl^ip 'to 



Answers to these questions were supplied by Michael 
Faraday, who discovered two fundamental laws of electrolysis. 
He studied the electrolysis of a solution of copper sulfate, 
a blue salt, in water. He made an electrolytic cell by 
immersing two bars of copper in the solution and attaching 
them to the terminals of a battery. The electric current 
that flowed through the resulting circuit caused copper 
from the solution to be deposited on the cathode and 
oxygen to be liberated at the anode. Faraday determined 
the amount of copper deposited by weighing the anode 
before the electrolysis started and again after a known 
amount of current had passed through the solution. He 
measured the current with an ammeter. Faraday found that 
the mass of copper deposited depends on two things: on 
the magnitude (say, in amperes) of the current (I), and 
on the length of time (t) that the current was maintained. 
In fact, the mass of copper deposited was directly 
pr<)portionol to DOth the current and the time, when 
either was doubled, the mass of copper deposited was 
doubled. When both were doubled, four times as much 
copper was deposited. Similar results were found in 
experiments on the electrolysis of many different 
substances . 

Faraday's results may be described by stating that the 
amount of chemical change produced in electrolysis is 
proportional to the product: I*t. Now, the current (in 
amperes) is the quantity of charge (in coulombs) which 
moves through the electrolytic cell per unit time (in 
seconds). The product I*t therefore gives the total 
charge that has moved through the cell during the given 
experiment. We then have Faraday's first law of 
electrolysis : 

The mass of electrolytically liberated chemicals 
is proportional to the amount of charge which 
has passed through the electrolytic cell. 

Next Faraday measured the amounts of different elements 
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This amount of electric charge, 
96, 540 coulombs. Is called one 
faraday. 
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liberated from chemical compounds by given amounts of 
electric charge, that is, by different values of the 
product j[*t. He found that the amount of en element 
produced by a given amount of electricity depends cn the 
atomic mass of th^ element and on the valence of the 
element. His second law of electrolysis states: 

If A is the atomic mass of an element, and if 
V IS its valence, a certain amount of electric 
charge, 96,540 coulombs, produces A/v grams 
of the element. 

Table 17.4 gives examples of Faraiay^s second law of 
electrolysis . 



Table 17.4. Masses of elements produced from compounds by 
96,540 coulombs of electric charge. 



Element 



: Hydrogen 
I Chlorine 
I Oxygen 
I Copper 
j Zinc 

I , 

f Aluminum 



Atomic Mass 

1.008 
35.45 
16.00 
63.54 
65. 37 
26.98 



Valence 

J 
1 

2 
2 
2 
3 



Mass of Element 
Produced (grams) 

1.008 
35.45 

8.00 
31.77 
j2.69 

8.99 
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The mass of the element produced is seen to be equal 
to the atomic mass divided by the valence. This quantity, 
A/v, is a measure of the amount of one element that 
combines with another element.. For example, the ratio 
of the amounts of oxygen and hydrogen liberated by 
96, 540 coulombs of electric charge is ^'q^ - ^ = 7.94. But 
this IS just the ratio of the mass of oxygen to the mass 
of hydrogen in water. 

Faraday •s second law of electrolysis has an important 
implication. A given amount of electric charge is some- 
how closely connected with the atomic mass and valence 
of an eler )nt. The mass and valence are characteristic 
of the atoms of the element. Perhaps, then, a certain 
amount of electricity is somehow connected with an atom 
of the element. The implication is that electricity may 
also be atomic in nature. This possibility was considered 
by Faraday, wno wrote: 
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...if we adopt the atomic theory or phraseology, then 
the atoms of bodies which are equivalants to each 
other in their ordinary chemical action have equal 
quantities of electricity naturally associated with 
them. But I must confess that I am jealous of the 
term atom; for though it is very easy to talk of atoms. 
It IS very difficult to form a clear idea of their na- 
ture, especially when compound bodies are under con- 
sideration. 

In Chapter 18 you will read about the details of the 
research that established the atomic nature of electricity. 
This research was of great and fundamental importance, and 
helped make possible the exploration of the structure of 
the atom. 



Cil^ The amount of an element deposited in electrolysis depends 
on three factors. What are they? 




Dalton*i visualization of the composition of various compounds 




17.1 The chemical compound zinc oxide (molecular formula 
ZnO) contains equal numbers of atoms of zinc and oxygen. 
Using values of atomic masses from the modern version of 
the periodic table, find the percentage by mass of zinc in 
zinc oxide. What is the percentage of oxygen in zinc oxide? 

17.2 The chemical compound zinc chloride (molecular formula 
ZnCl2) contains two atoms of chlorine for each atom of zinc. 
Using values of atonic masses from the modern verrion of the 
periodic table, find the percentage by mass of zinc in zinc 
chloride. ^ 

17.3 From the decomposition of a 5.00-gram sample of ammo- 
nia gas into its component elements, nitrogen and hydrogen, 
A.il grams of nitrogen were obtained. The molecular formula 
of ammonia is NH3 . Find the mass of a nitrogen acom rela- 
tive to that of a hydrogen atom. Compare your rerult w^th 
the one you would get by using the values of the atomic 
masses in the modern version of the periodic table. If your 
result is different from the latter result, how do you ac- 
count for the dif f erence? r ^/\ 




17.4 From the information in Pr m 17.3, calculate how 
much nitrogen and hydrogen are needed to make 1.2 kg of 
ammonia. <^%C» ^ of H Ond ^l^- ^ cf H 

17.5 11 the molecular formula of ammonia were NH2, and you 
used the result of the experiment of Problem 17,3, what value 
would you get for the ratio of the mass of a nitrogen atom 
relative to that of a hydrogen atom? ■= ^ ol3/f 

17.6 A sample of nitric oxide gas, weighing 1,00 g, after 
separation into its components, is found to have contained 
0.47 g of nitrogen. Taking the atomic mass of oxygen to be 
16.00, find the corresponding numbers that express the atomic 
mass of nitrogen relative to oxygen on the respective assump- 
tions that the molecular formula of nitric oxide is (a) NO; 

(b) NO^; (c) i^p.(a)iJ^,l (h)^s.S;i (07.0 

17.7 Early data yielded 8/9.2 for the mass ratio of nitrogen 
and oxygen atoms, and 1/7 for the mass ratio of hydrogen and 
oxygen atoms. Show that these resu^wS lead to a value of 6 
for the lelative atomic mass of nitrogen, provided that the 
value 1 ^s assigned to h ydr ogen . /3/f^f^<Qp|^ 

17.8 Given the molecular formulae HCl, NaCl, CaCl^, AlCl^ , 
SnCli^, PCI5, find possible valence numbers of sodiur, calcium, 
aluminum, tin and phosphorus. A/a -( ^ Cci 'Co?^ •=5^Sw«4- P^S 

17.9 a) Examine the modern periodic table of elements and cite 
all reversals of order of increasing atomic mass*"7 rWB'^Sods 

b) Restate the periodic law in your own words, not 
forgetting about these reversals. d-tSCUSStbrx 

17.10 In recent editions ot the Handbook of Chemistry and 
Physics there are printed in or below one of the periodic 
tables the valence numbers of the elements. Neglect the 
negative valence numbers and plot (to element 65) a graph of 
maximum valences observed vs.^ atomic mass. What periodicity 
IS found? Is there any physical or chemjL.al significance 

to this periodicity? Does there have to be any?gg^ ►lej^t p^^g^ 

17.11 Look up the data in the Handbook of Chemistry and Physics , 
then plot some other physical characteristic against the atomic 
masses of the elements from hydrogen to barium in the periodic 
table. Comment on the periodicity (melting point, boiling 
point, etc ,) . 
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17.12 According to Table 17.4, when 96,500 coulombs of charge 
pass through a water solution, 1.008 g of hydrogen and how much 
of oxygen will be released? How much hydrogen and how much 
oxygen will be produced when a current of 3 amperes is passed 
through water for 60 minutes (3600 seconds)? 

17.13 If a current of 0.5 amperes is passed through molten 
zinc chloride in an electrolytic apparatus, what mass of 
zinc will be deposited in 

a) 5 minutes (300 seconds); 0,0S ^ 

b) 30 minutes; O' 30 a 

c) 120 minutes? \,p.O ^ 

17.14 a) For 20 minutes (1200 seconds) a current of 2.0 
amperes is passed through molten zinc chloride in an electro- 
lytic apparatus. What mass of chlorine will be released at 
the anode? 0'^9 g CC 

b) If the current had been passed through molten zinc 
iodide rather than molten zinc chloride what mass of iodine 
would have been released at the anode? 3. 9 

c) Would the quantity of zinc deposited in part (b) 
have been different from what it was in part (a)? Why? Uc] T-iinwtcujJs* 

17.15 How is Faraday's speculation about an "atom of electricity" 
related to atomicity in the chemical elements? discwSSt^f^ 

17.16 The idea of chemical elements composed of identical atoms 
makes it easier to correlate the phenomena discussed in this 
chapter. Could the phenomena be explained without using the 
idea of atoms? Are chemical phenomena, which usually involve 

a fairl}* large quantity of material (in terms of the number 
of "atoms" involved), sufficient evidence for belief in the 
atomic character of materials? dlisc44SGtbrt 

17.17 A sociologist recently wrote a book about the place 
of man in modern society called Multival>jnt Man . In what 
sense might he have used the term "multivalent?" dbSCUCSton 

17.18 Compare the atomic theory of the Greeks, as described 
in the prologue to this chapter, with the atomic theories 
described in Unit 3. (You will probably need to consult 
reference books for more details of the theory. The best 
reference is probably Lucretius, On the Nature of Things .) 
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IS.i Tne problem of atomic structure; pieces of atoms * The 
development of chemistry in the nineteenth century raised 
the general question: are atoms really indivisible, or 
do they consist of still smaller particles? We can see 
the way in which this question arose by thinking a little 
more about the periodic table. Mendeleev had arranged the 
elements in the order of increasing atomic mass. But the 
atCT>ic masses of the elements cannot explain the periodic 
features of Mendeleev* s table.. Why, for example, do the 
third, eleventh, nineteenth, thirty-seventh, fifty-fifth 
and eighty-seventh elements, with quite different atomic 
masses, have similar chemical properties? Why ore these 
properties somewhat different from those of the fourth 
twelfth, twentieth, thirty-eighth, fifty-sixth and 
eighty-eiahth elements in the list, but greatly different 
from the properties of the second, tenth, eighteenth, 
thirty-sixth, fifty-fourth and eighty-sixth elements? 
The differences in atomic mass were not enouqh to account, 
by themselves, for the differences in the properties of 
the elements. Other reasons had to be sought. 

The periodicity of the properties of the elements led 
to speculation about the possibility that atoms might have 
structure, that they might be made up of smaller pieces. 
The gradual changes of properties from group to group 
might suggest that some unit of atomic structure is added, 
in successive elements, until a certain portion of the 
structure is completed. The completed condition might 
occur in a noble gas. In atoms of the next heavier ele- 
ment, a new portion of the structure may be started, and 
so on. The methods and techniques of classical chemistry 
could not supply experimental evidence for such structure. 
In the nineteenth century, however, discoveries and new 
techniques m physics opened the way to the proof that 
atoms do, indeed, consist of smaller pieces. Evidence 
piled up which showed that the atoms of different ele- 
ments differ in the number and arrangement of these 
pieces, or buildinq olocks. 

In this chapter, we shall discuss the discovery of one 
kind of piece which atoms contain: the electron. We shall 
see \fow experiments with light and electrons led to a rev- 
olutionary idea — that light energy is transmitted in dis- 
crete amounts. In Chapter 19, we shall describe the dis- 
co^'^^ry of another part of the atom, the nucleus. Then we 
shall show how Miels Bohr combined these pieces to create 
a workable model of the atom. The story starts with the 
discovery of cathode rays. 



These elements burn when exposed 
to air; they decompose water, 
often explosively. 



These elements combine slowly 
with air and water. 



These elements rarely combine 
with anything. 
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Geissler (1814-1879) made the 
first major improvement in 
vacuum pumps after Guericke in- 
vented the air pump two cen- 
turies earlier. 



/ 1 J ^ 
Fig. 18.1 Cathode ray apparatus.. 



Substances which glow when ex- 
posed to light are called 
fluorescent. Fluorescent lights 
are essentially Geissler tubes 
with an inner coating of fluores- 
cent powder. 



Fig. 18.2 Bent Geissler tube. 
The most Intense green glow 
appeared at g.. 



.2 Cathode rays > In 1855 a German physicist, Heinrich Geissler, 
invented a vacuum pump which could remove enough gas from a 
strong glass tube to reduce the pressure to 0.01 percent of 
normal air pressure. His friend, Julius Plucker, connected 
one of Geissle7-'s evacuated tubes to a battery. He was 
surprised to find that at the very low gas pressure that 
could be obtained with Geissler' s pump, electricity flowed 
through the tube. Plucker used apparatus similar to that 
shown m Fig. 18.1. He sealed a wire into each end of a 
strong glass tube, inside the tube, each wire end ^d in a 
metal plate, called an electrode. Outside the tube, each 
wire ran to a source of high voltage. (The negative plate 
IS called the cathode , and the positive plate is called the 
anode.) a neter indicated the current in the tube. 

Plucker and his student, Johann Hittorf, noticed that 
when an electric current passes through a tube at low gas 
pressure, the tube itself glows with a pale green color. 
Plucker described these effects in a paper published in 
1858. He wrote? 

...a pale green light. . .appeared to form a thin coat- 
ing immediately upon the surface of the glass bulb.... 
the idea forcibly presented itself that it was a 
fluorescence in the glass itself. Nevertheless the 
light in question is in the inside of the tube; but 
it is situated so closely to its sides as to follow 
exactly [the shape of the tubes], and thus to give the 
impression of belonging to the glass itself. 

Several other scientists observed these effects, but 
two decades passed before anyone undertook a thorough 
study of the glowing tubes. By 1875, Sir William Crookes 
had designed new tubes for studying the glow produced 
when an electric current passes throu^:. an evacuated tube. 
When he used a bent tube, as i:\ Fig. 18.2, the most in- 
tense green glow appeared on the part of the tube which 
was directly opposite the cathode. This suggested that 
the green glow was produced by something which comes out 
of tho cathode and travels straight down the tube until 
it hits the glass. Another physicist, Eugen Goldstein, 
who was studying the effects of passing an electric cur- 
rent through a gas at low pressure, named whatever was 
coming from the cathode, cathode rays . 

To study the nature of the rays, Crookes did some in- 
genious experiments. He reasoned that if the cathode rays 
could be stopped before they reached the end of the tube, 
the intense green glow should disappear. He therefore 
introduced a barrier in the form of a Maltese cross, as in 
Fig. 18.3. Instead of the intense green glow, a shadow 
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Of the cross appeared at the end of the tube. The cathode 
seemed to act like a candle which produces light; the cross 
acted like a barrier blocking the light. Because the shadow, 
cross and cathode were lined up, Crookes concluded that the 
cathode rays, like light rays, travel in straight lines. 
Next, Crookes moved a magnet near the tube, and the shadow 
moved. Thus he found that magnetic fields deflected the 
paths of cathode rays. In the course of many experiments,^ 
Crookes found the following properties of cathode rays: 

a) cathodes of many different materials produce 
rays with the same properties; 

b) in the absence of a magnetic field, the rays 
travel in straight lines perpendicular to the 
surface that emits them; 

c) a magnetic field deflects the path of the cathode 
rays ; 

d) the rays can produce chemical reactions similar 
to the reactions produced by light: for example, 
certain silver salts change color when hit by the 
rays 

Crookes suspected, but did not succeed in showing that 

e) charged objects deflect the path of cathode rays. 
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Fig.. 18.3 Crookes' tube. 



J. J. Thomson observed this in 
1897. 



Physicists were fascinated by the cathode rays and 
worked hard to understand their nature. Some thought 
that the rays must be a form of light, because they have 
so many of the properties of light: they travel in 
straight lines, produce chemical changes and fluorescent 
glows just as light does. According to Maxwell's theory 
of electricity and magnetism (Unit 4) light consists of 
electromagnetic waves. So the cathode rays might be elec- 
tromagnetic waves of frequency higher or lower than that 
of visible light.. 



iuioe ^ "ra[js " appecxtr ib con^e. 
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Magnetic fields, however, do not bend light; they do 
bend the path 'of cathode rays. In Unit 4, we found that 
magnets exert forces on currents, that is, on moving elec- 
tric charges. Since a magnet deflects cathode rays in the 

same way that it deflects negative charges, some physicists ^<^V^ CX Vera SmaU mosS 
believed that cathode rays consisted of negatively charged Cffy^p(^^cA "fe OiiTyns . 
particles . 
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The controversy over the W6.^e or particle nature of 
cathode rays continued for 25 years. Finally, in 1897, 
J. J. Thomson made a series of experiments which convinced 
physicists that the cathode rays are negatively charged 
particles . 

It was known that the paths of charged particles are 
affected by both magnetic and electric fields. By assuming 
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Sir Joseph John Thomson (1856- 
1940), one of the greatest 
British physicists, attended 
Owens College in Manchester, 
England (home of John Dal ton) 
and then Cambridge University. 
Throughout his career, he was 
interested in atomic structure. 
We shall read about his work 
often during the rest of the 
course. He worked on the con- 
duction of electricity through 
gases, on the relation between 
electricity and matter and on 
atomic models. His greatest 
single contribution was the dis- 
covery of the electron. He was 
the head of the famous Cavendish 
Laboratory at Cambridge Univer- 
sity, where one of his students 
was Ernest Rutherford— -about 
whom you will hear a great deal 
later in this unit and in Unit 6. 
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that the cathode rays were negatively charged particles, 
Thomson could predict what should happen to the cathode 
rays when they passed through such fields.. For example, 
the deflection of the path of the cathode rays by a mag- 
netic field could be just balanced by an electric field 
with the right direction and magnitude. The predictions 
were verified and Thomson could conclude that the cathode 
rays did indeed act like charged particles. He was then' 
able to calculate, from the experimental data, the ratio 
of the charge of a particle to its mass. This ratio is 
denoted by q/m where q is the charge and m is the mass 
of the particle. For those who are interested in the 
details of Thomson's experiment and calculations, they 
are given on page 41. 

Thomson found that the rays from cathodes made of 
different materials all had the same value of q/m, namely 
1.76 X 10^1 coulombs per kilogram. This value was about 
1800 times larger than the values of q/m for hydrogen ions 
measured in electrolysis experiments, 9.6 x lO"^ coulombs 
per kiJogram. Thomson concluded from these results that 
either the charge of the cathode ray particles was much 
larger than that of the hydrogen ion, or the mass of the 
cathode ray particles was much smaller than the mass of 
the hydrogen ion. 

Thomson's negatively charged particles were later called 
electrons . Thomson also made measurements of the charge 
on the negatively charged particles with methods other 
than those involving deflection by electric and magnetic 
fields. Although these experiments were inaccurate, they 
were good enough to indicate that the charge of a cathode 
ray particle was not much different from that of the hy- 
drogen ion m electrolysis. Thomson was therefore able 
to conclude that the cathode ray particles have much 
smaller mass than hydrogen ions. 

The cathode ray particles, or electrons, were found to 
have two important properties: (1) they were emitted by 
a wide variety of cathode materials, and (2) they were 
much smaller in mass than the hydrogen atom, which has the 
smallest known mass. Thomson therefore concluded that the 
cathode ray particles form a part of all kinds of matter. 
He suggested that the atom is not the ultimate limit to the 
subdivision of matter, and that the electron is one of the 
bricks of which atoms are built up, perhaps even the funda- 
mental building block of atoms. 
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Thomson's q/m Experiment 



J. J. Thomson measured the ratio of charge to mass for cathode-ray particles by neans 
of the evacuated tube in the photograph on page 36. A hig.. voltaj^e between two elec- 
trodes in one end of the tube produced cathode rays. The rays that passed throuch both 
slotted cylinders formed a nearly parallel bean. The beam produced 
a spot of light on a fluorescent coating inside the large end 
of the tube. 
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The beam could be deflected by an electric field produced between two plates in the mid- 
section of the tube. 



The beam could also be deflected by a magnetic field produced between a pair of wire 
coils placed around the mid-section of the tube. 

rciote. tali's te cd\[ 
iVi pHcrtb on p.Zh. 



When only the magnetic field B was turned on, the particles in the beam of charge q and 
speed V would experience a force Bqv; because the force is always perpendicular to the 
velocity, the beam would be deflected into a nearly circular arc of radius R in the 
nearly uniform field. If the particles in the beam have mass m, they must be experienc- 
ing a centripetal force mv^/R. Since the centripetal force is the magnetic force, 
Bqv = mv^R, Rearranging terms: q/m = v/BR. 

B can be calculated from the geometry of the coils and the current in them. R can be 
found geometrically from the displacement of the beam spot on the end of the tube. To 
determine v, Thomson applied the electric field and the magnetic field at the same time. 
By arranging the directions and strengths of the fields appropriately, the electric field 
can be made to exert a dowr.ward force Eq on the beam particles exactly equal to the upward 
force Bqv due to the magnetic field. 




If the magnitudes of the electric and magnetic forces are equal, then Eq = Bqv, Solving 
for v: V = E/B. E can be calculated from the separation of the two plates and the volt- 
age between them, so the speed of the particles can be determined. So all the terms on 
the right of the equation for q/m are known and q/m can he found. 
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In the article in which he announced his discovery, 
Thomson speculated on the ways in which the particles could 
be arranged in atoms of different elements in order to account 
for the periodicity of the chemical properties of the ele- 
mentSr Although, as we shall see, he did not say the last 
word about this problem, he did say the first word about it. 



l^hat was the most convincing evidence that cathode rays were 
not electromagnetic radiation? 

Why was q/m for electrons 1800 times larger than q/m for 
hydrogen ions? 

What were two main reasons that Thomson believed electrons 
to be "building blocks" from which all atoms are made? 
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From now on we denote the mag- 
nitude of the charge of the 
electron by q : 



q = 1.6 X 10 
e 



■19 



coul . 
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3 The measurement of the charge o f j: h e elect r on ^ Mi 1 1 1 kan rs 
exper iment. After the ratio of charge to the mass (q/m) 
of the electron had been determined, physicists tried to 
measure the value of the charge q separately. If the charge 
could be determined, the mass of the electron could be found 
from the known value of q/m. In the years between 1909 and 
1916 an American physicist, Robert A. Millikan, succeeded 
in measuring the charge of the electron. This quantity is 
one of the fundamental constants of physics because of its 
importance m atomic and nuclear physics as well as in 
elec' ricity and electromagnetism. 

Millikan* s "oil-drcp experiment" is described on page 43. 
He found that the electric charge that an oil drop picks up 
is always a simple multiple of a certain minimum value. 
For example, the charge may have the value 4.8 x iQ-i^ cou- 
lombs, or 1.6 X 10"^^ coulombs, or 6.4 ^ 10"^^ coulombs, or 
1.6 X 10"^^ coulombs. But it never has a charge of, say, 
Z.4 ^ 10"^^ coulombs, and it never has a value smaller than 
1.6 ' ^"'"^ coulombs. In other words, electric charges al- 
v/ay£> come m multiples of 1.6 x iQ-i^ coulombs. Mi31ikan 
too. this mmimam charge to be the charge of a single elec- 
t*-on . 

Charges of atomic and molecular ions are measured in 
units of the electron charge q^ . For example, when a 
chemist refers to a "doubly charged oxygen ion," he means 
that the charge of the ion is 2q = 3.2 x iQ-i^ coulombs. 



Note that Millikan 's experiments did not prove that no 
smaller chargec than q^ can exist. All we can say is that 
no experiment has yet proved the existence of smaller 
charges. Since Millikan*s work, physicists have been con- 
vinced that electric charges always come in multiples of q . 
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Millikan's Oil-Drop Experiment 



In principle Millikan's experiment is simple; it 
is sketched in Fig. 18.5*^ When oil is sprayed 
into a chamber, the minute droplets formed are 
found to be electrically charged. The charge on 
a droplet can be measured by means of an electric 
field in the chamber. Consider a small oil drop 
of mass m carrying an electric charge q. It is 
situated between two horizontal plates separated 
by a distance d and at an electrical potential 
difference V. There will be a uniform electric 
field E becveen the plates, of strength V/d. 
This field can be adjusted so that the electrical 
force exerted upward on tlie drop's charge will 
balance the force mg exerted downward by gravity. 
Equating the magnitudes of these forces gives: 



el 



grav. 




i t 



Fig. 18.5 



qE = mg, 

or q = mg/E. 

The mass of the drop can, in principle, be determined 
from its radius and the density of the oil from which 
It was made. Hillikan had to measure these quantities 
by an indirect method, but it is now possible to do 
the experiment with small manufactured polystyrene 
spheres whose mass is accurately known, so that some 
of the complications of the original experiment can 
be avoided. Millikan's own set-up is seen in the photo- 
graph above. A student version of Millikan's apparatus 
is shown in the photograph at the right. 
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In 196A, an American physicist, 
Murray Gell-Mann, suggested thaji 
particles with charge equal to 
1/3 or 2/3 of qg might exist. 
He named these particles 
"quarks"— the word comes from 
James Joyce's novel Flnnegan *s 
Wake. Quarks are now being 
looked for In cosmic -ray and 
bubble-chamber experiments, 

rn^= I. 6754.x ro^-^^kg 
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In everyday life, the electric charges one meets are so 
large that one can think of a current as being continuous — 
3ust as one usually thinks of the flow of water m a river 
as continuous rather than as a flow of individual molecules. 
A current of one ampere, for example, is equivalent to the 
flow of 6.25 ^ 10^® electrons per second. The "static" 
electric charge one accumulates by shuffling over a rug on 
a dry day consists of approximately 10^2 electron charges. 

Since the work of Millikan, a wide variety of other ex- 
periments jnvolvmg many different fields within physics 
have all pointed to the same basic unit of charge as being 
fundamental m the structure and behavior of atoms. For 
example, it has been shown directly that cathode ray parti- 
cles carry this basic unit of charge — that they are, in 
other words, electrons. 

By combining Millikan's value for the electron charge q 
with Thomson's value for the ratio of charge to mass (q /m) , 
we can calculate the mass of a single electron (see margin). 
The result is that the mass ot the electron is about 10~30 
kilograms. The charge-to-mass ratio of a hydrogen ion is 
1836 times smaller than the charge-to-mass ratio of an 
electron. It is reasonable to consider that an electron and 
a hydrogen ion rave eCjUal and opposite electric charge, 
since they form a neutral hydrogen atom when they combine. 
We may therefore conclude that the mass of the hydrogen ion 
is 1836 times as great as the mass of the electron. 



Oil drops pick up different amounts of electric charge. 
How did Millikan know that the lowest charge he found was 
actually just one electron charge? 
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18.4 The photoelectric effect . The photoelectric effect was dis- 
covered in 1887 by the German physicist Heinrich Hertz. 
Hertz was testing Maxwell's theory of electromagnetir waves 
(Unit 4) lie noticed that a metallic surface can emit 
electric charges when light of very short wave length falls 
on it. Because light and electricity are both involved, the 
namis ph otoelectric effect was given to this new phenomenon. 
When the electricity produced was passed through electric 
and magnetic fields, its direction was changed in the same 
ways as the path of cathode rays. It was therefore deduced 
that the electricity consists of negatively charged parti- 
cles. In 1898, J. J. Thomson measured the value of the 
ratio q/m for these particles with the same method that he 
used for the cathode ray particles. He got the same value 
for the particles ejected in the photoelectric effect as he 
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did for the cathode ray particles. By means of these ex- 
periments (and others) the photoelectric particles were 
shown to have the same properties as electrons. They are 
often referred to as photoelectrons to indicate their source. 
Later work showed that all substances, solids, liquids and 
gases, undergo the photoelectric effect under appropriate 
conditions. It is, however, convenient to study the effect 
with metallic surfaces. 

The photoelectric effect has been studied m great detail 
and has had an important place m the development of atomic 
physics. The effect could not be explained m terms of the 
classical physics we have studied so far. New ideas had to 
be introduced to account for the experimental results. In 
particular,, a revolutionary concept had to be introduced — 
^hat of quanta — and a new branch of physics — quantum theory — 
had to be developed, at least in part because of the 
photoelectric effect. Modern atomic theory is actually the 
quantum theory of matter and radiation. The study of the 
photoelectric effect is, therefore, an important step on the 
way to the understanding of the atom. 

Two types of measurements can be 
made which yield useful information 
about the photoelectric effect: (1) 
measurements of the photoelectric 
current (the number of electrons 
emitted per unit time) ; (2) mea- 
surements of the kinetic energies 
with which the electrons are emitted. 



Tbe "electric eye" used, for ex- 
ample, for opening a door auto- 
matically, is based on the 
photoelectric effect. When a 
solid object interrupts a beam 
of light shining from one side 
of the door to the other, an 
electric current is changed; this 
change switches on a motor that 
operates the door. The photo- 
electric effect is also used in 
projectors for sound motion pic- 
tures . 
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The electron current can be stud- 
ied with an apparatus like that 
sketched in Fig. 18.6. Two metal 
plates r C and A, are sealed inside 
a well-evacuated quartz tube. 
(Quartz is transparent to ultravio- 
let light as well as visible light.) 
The two plates are connected to a 
source of potential difference. 
When light strikes plate C, elec- 
trons are emitted. If the potential 
of plate A is positive relative to 
plate C, the emitted electrons will 
accelerate to plate A. (Some electrons will reach plate A 
even if it isn't oositwe relative to C.) The resulting cur- 
rent is indicated by the mettr. 




Fig, 18.6a Schematic diagram of 
apparatus for photoelectric 
experiments. 
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Any netal used a3 the plate c 
shows a photoelectric effect, but 
only if the light has a frequency 
greater than a certain value. This 
value of the frequency is called the 
threshold frequency . Different me- 
tals have different threshold fre- 
quencies, if the incident lijht nas 
a frequency lower than the threshold 
frequency, no electrons are enitteo 
no matter how gre^t the intensity 
of the light IS or how long tne 
light is left on. 

The kinetic energ\es of the elec- 
trons can be measured in a slightly 
nodified version of che apparatus of 
Ficj. 18.6. The battery is reversed 
so that the plate A repels the elec- 
trons. The voltage can be varied 
from zero to a value just large 
enough to keep any electrons from 
reaching the plate a. A sketch of 
the modified apparatus is shown in 
Fig.^ 18.7. 

Whei* the voltage across the 
plates is zero, the meter indicates 
a current, showing that the elec- 
trons emerge from the metallic sur- 
face with kinetic energy.. Aj- the 
voltage is increased the electron 
current decreases until a certain 
voltage is reached at which the 
current becomes zero. This voltage, 
which is called the stopping volt - 
a£e, is a measure of the maximum 
kinetic energy of the photoelec- 
trons. If the stopping vcltage is 
denoted by Vgtop , the maximum 
kinetic energy is given by the 
relation : 



The results may be stated more precisely. (We shall num 
ber the important experimental results to make it more con- 
venient to discuss their theoretical interpretation later.) 
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(1) A substance shows a photoelectric effect only if the 
incident radiation has a frequency above a certain value 
called the threshold frequency. 

(2) If light of a given irequency can liberate electrons 
from a surface, the current is proportional to the intensity 
of the light. 

Se^ TCf p, ±6 , -^r derivation 

(3) If light of a given frequency can liberate elections, of iTme- delau mt^uhred btj 
the emission of the electrons is immediate . The time inter- W^V0 yncdel . 

val between the incidence of the light on the metallic 
surface and the appearance of electrons is not more than 



10" 



sec. This is true even for the lowest light in- 



tensities used. 

(4) The maximum kinetic energy of the photoelectrons in- 
creases linearly with the frequency of the light which cause*- 
^heir emission, and is independent of the intensity of the 
incident light.. The way m which the maximum kinetic energy 

the electrons varies with the frequency of the light is 
shown in Fig. 18.8. The symbols (f^)i, 2 and (f )3 

stand for the different threshold frequencies of three dif- 
ferent substances. For each substance, the experiments fall 
on a straight Ime. All the lines have the same slope. 




Fig. 18.8 Photoelectric effect: 
maximum kinetic energy of the 
electrons as a function of the 
frequency of the incident light; 
different metals yield lines that 
are parallel, but have different 
threshold frequencies. 



hTiat is most surprising about the results is that photo- 
electrons are emitted at light frequen'-ies barely above the 
threshold frequency, no matter how low the intensity of the 
light. Yet, at light frequencies just a bit below the 
threshold frequency, no electrons are emitted no matter how 

high the intensity of the li ght.: \ rn- ^ n r ^- / ^ i • -4- A 

^ Wiffi line. oiKoii mdols (U, Na,K;elc.;, 

Urie phdtbeiediyto effect con. 



The experimental results could not be explained on the 
basis of the classical electromagnetic theory of light. 
There was no way in which a very low-intensity tram of 
light waves spread out over a large number of atoms could, 
in a very short time interval, concentrate enough e'leroy on 
one electron to knock the electron out of the metal. In some 
experiments, the light intensity was so low that, according 
to the classical theory, it should take several hundred sec- 
onds for an electron to accumulate enough energy from the 
light to be emitted. But experimental result (3) shows that 
electrons are emitted about a billionth of a second after 
the light strikes the surface. 

Furthermore, the classical wave theory was unable to ac- 
count for the existence of a threshold frequency. There 
seemed to be no reason why a sufficiently intense beem of 



be produced, wifrt visfole l(^t 
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18.4 



low-frequency radiation would not be able to produce photo- 
electricity. If low-intensity radiation of higher frequency 
could produce it. Finally, the classical theory was unable 
to account for the fact that the maximum kinetic energy of 
the photoelectrons increases linearly with the frequency of 
the light but is independent of the intensity.. Thus, the 
photoelectric effect posed a challenge which the claF^ical 
wave theory of light could not meet. 



I. "To explatn jt^ fMoto^ 
electrio e^eot, E\r^in 
extended i^o^cks idea 
of Hne quayftun\ of ptsrmad 
radidtidn ib h'^t. ^g. 



Light falling on a certain metal surface causes electrons 
to be emitted. What happens as the intensity of the light is 
decreased? 

What happens as the frequency of the light is decreased? 



See the articles "Einstein" and 
"Einstein and soma Civilized 
Discontents" in ProiecL Physics 
Reader 5. 



ot. fjfriSteiVr proposed ffiot 

liOj\it consi^s of wave 
pockets or quantix^ whcee 
en^f^ij py^opoi^ioyiodib 
Itie ffec[ueinaj ofihe^ u/ave 

3. Sin^ems itneortA was 
verified boj HlHUkarvs ex- 



h = 6.6 X 10*3** joule-sec 

4^ 13: Q^p^eare/i -that iWo 
modais of liai^ ; the wav^ 
mod^ arid me cjuawluwa 

a^ccount -for a({ *^ yphzm- 
nxe^CK of lii^t. 



In Moa , Urie dermcun 
phASicist Lenard rnadc 
cxston(skiin^ discoveru^ 

of tPie phjok>eieaircns was 
ihdepender^t of ihe. inten- 
5rfy of ihcidtrt Uc^. 



S Emstein's theory of the photoelectric effect: quanta . The 
explanation of the photoelectric effect was the major work 
cited m the award to Albert Einstein of the Nobel Prize in 
physics for the year 1921. Einstein's theory, proposed m 
190 5, played a major role in the development of atomic phys- 
ics. The theory was based on a daring proposal. Not only 
were many of the experimental details unknown m 1905, but 
the key point of Einstein's explanation was contrary to che 
classical ideas of the time. 

Einstein assumed that the energy of light is not distribu- 
ted evenly over the whole expanding wave front (as is assumed 
m the classical theory) but rather is concentrated into dis- 
crete small regions. Further, the amount of energy m each 
of these regions is not just any amount, but is a definite 
amount of energy which is proportional to the frequency f of 
the wave. The proportionality factor is a constant, denoted 
by h and called Planck's constant, for reasons which will be 
discussed later. Thus, on this model, the light energy comes 
m pieces, each of amount hf.^ The amount of radiant energy 
in each piece is called a quantum of energy; it represents 
the smallest quantity of energy of light of that frequency. 
The quantum of light energy was later called a photon . 

There is no explanation clearer or mere direct than Ein- 
stein's. V"/e quote from his first paper (1905) on this sub- 
ject, changing only the notation used there to make it 
coincide with usual current practice (including our own no- 
tation) : 

...According to the idea that the incident light con- 
sists of quanta with energy hf, the ejection of cath- 
ode rays by light can be understood m tne following 
v;ay. Energy quanta penetrate the surface layer of tne 
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18.5 

body, and their energy is converted, at least m part, 
into kinetic energy of electrons.: The simplest pic- 
ture IS that a light quantum gives up all its energy 
to a single electron; we shall assume that this hap- 
pens. The possibility is not to be excluded, however, 
that electrons receive their energy only in part from 
the light quantum. An electron provided with kinetic 
energy inside the body may have lost part of its ki- 
netic energy by the; time it reaches the surface. In 
addition it is to be assumed that each electron, m 
leaving the body, has to do an amount of work W (which 
IS characteristic of the body) . The electrons ejected 
directly from the surface and at right angles to it 
will have the greatest velocities perpendicular to the 
surface. The kinetic energy of such an electron is 

KE = hf - W 
max 

If the body is charged to a positive potential 
^stop ^^^^ large enough to keep the body from 
losing electric charge, we must have 



KE =hf-W = V^ q 
max s top ^ e 

where q^ is the magnitude of the electronic charge. ... 

If the derived formula is correct, V , when 

stop ' 

plotted as a function of the frequency of the incident 
light, should yield a straight line whose slope should 
be independent of the nature of the substance ilJummated. 

We can now compare Einstein's photoelectric equation with 
the experimental results to test whether or not the theory 
accounts for the results. According to the equation, the 

kinetic energy is greater than zero only when the frequency Einstein's theory explains 

f IS high enough so that hf is greater than W. Hence, the ^^^^ photoelectric effect: 
equation says that an electron can be emitted only when the (i) photoelectric emission 
frequency of the incident light is greater than a certain below threshold frequency. 

^^2^^^ Rensonf low-frequency photons 

don't have enough energy- 

Next, according to Einstein's photon mod'^l, it is an in- 
dividual photon that ejects an electron. The intensity o' f^^ current « light intensity. 

Reason:' one photon ejects one 
the light IS proportional to the number of the photons, and electron. 

the number of electrons ejected is proportional to the number 
of photons. Hence the number of electrons ejected is pro- 
portional to the intensity of the incident light. 



Student apparatus for photo- 
electric experiments often 
inclu'^es a vacuum phototube 
like the one at the right 
(actual size). The collect- 
ing wire is at the center of 
a cylindrical photosensitive 
surface. The frequency of 
the light entering the tube 
is controlled by placing 
colored filters between the 
tube and a light source* 
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Because of Bnstetrx'S 'Jewisl^ ayice^viA ^ Mane CiArie had to 
Vv/rile a leter on h\s behalf fc cihtixm a professorsk'tp in Qerrwanw, 
even Q^er his speaal ineoru^ of relo(txvit\^ was p^^blfsKedl . 




Albert Einstein (1879-1935) vas born in the 
city of Ultn, in Germany. He received his 
early education in Germany and Switzer- 
land. Like Newton he showed no particular in- 
tellectual promise as a youngster. After 
graduation from the Polytechnic School, 
Einstein (in 1901) went to work in the Swiss 
Patent Office in Berne. This job gave Ein- 
stein a salary to live on and an opportunity 
to use his spare time in thinking about phys- 
ics. In 1905 he published three papers of 
epoch-making importance. One dealt with 
quantum theory and included his theory of 
the photoelectric effect.. Another treated 
the problem of molecular motions and sizes, 
and worked out a mathematical analysis of 
the phenomenon of "Brownian motion." Ein- 
stein's analysis and experi.nental work by 
Jean Perrin, a French physicist, made a strong 
argument for the molecular motions assumed in 
the kinetic theory. Einstein's third 1905 
paper discusses the theory of special relativ- 
ity which revolutionized modern thought about 
the nature of space, time and physical theory. 



Uter in (ife Bh^h wwte, , 'Jf mw relattvm -fieories ypro^re. n^aht. 
ihe Qerrrians Will sax^ZC am German ^ Me Tr&xcix UnoX iT am 
Swiss, ""irie "gntiSTK X am ^urvf>ean • • Tf 1heu prove 
wwKi^; the. Qenrxans sa\A X am a Swss 'Jewplt^t Trmch 
mat X am a C^rmar\, and-^Kne Brrfish wont sot OyK\^\r\Oy 




In 1915, Einstein published his paper on the 
theory of general relativity, in which he 
provided a new theory of gravitation which 
included Newton's theory as a special case. 

When Hitler and the Nazis came to power 
in Germany, in 1933, Einstein came to the 
United States and became a member of the 
Institute for Advanced Studies at Princeton. 
He spent the rest of his working life 
seeking a unified theory which would include 
gravitation and electromagnetics. At the 
beginning of World War II, Einstein wrote a 
letter to President Franklin D. Roosevelt 
warning of the war potential of an "atomic 
bomb," on which the Germans had begun to work. 
After World War II, Einstein worked for a 
world agreement to end the threat of atomic 
warfare. 
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According to Einstein's model the l?ght energy is con- 
centrated m the quanta (or photons). Hence, no time is 
needed for collecting light energy; tne quanta transfer tneir 
eneray inunediately to the photoelectrons, which appear after 
the very short time required for them to escape from tne sur- 
face. 

Finally, according to the photoelectric equation, the 
greater the frequency of the incident light, the greater 
is the maximum kinetic energy of the ejected electrons. 
According to the photon model, the photon energy is directly 
proportional to the light frequency. The minimum energy 
needed to eject an electron is that required to supply the 
energy of escape from the metal surface — which explains why 
light of frequency less than f cannot eject any electrons. 
The difference in the energy of the absorbed photon and the 
energy lost by the electron. in passing through the surface 
is the kinetic energy of the escaping electron. 



(3) iTinedi it( cmss i n . 
Reason: n sin^'lc plh t -n pro- 
vides the cnor«'y nc cntr 'It'd m 
one pLice. 



(4) KE^i^-^y increases linoirly 
with frequency above f . 
Reason;, the work needed to r<:- 
move the electron is = hf : 
any energy ]cft over from 
the original photon is now ivn i 1 
able for kinetic energy of the 
electron . 



Thus, Einstein's photoelectric equation agrees quali- 
tatively with the experimental results. There remained two 
quantitative tests: (1) does the maximum energy vary linearly 
with the light frequency? (2) is the proportionality factor 
h the same for all substances? The quantitative test of the 
theory required some ten years. There were experimental dif- 
ficulties connected with preparing metal surfaces which were 
free of impurities (for example, a layer of oxidized metal). 
It was not until 1916 that it- was established that there is 
indeed a straight-line relationship between the frequency of 
the light and the maximum kinetic energy of the electrons, 
to the point where the experimental points on the graph fit 
a straight line obviously better than any other line. (See 
the figure on the next page.) Having achieved that degree 
of accuracy, Millikan could then show that the straight lines 
obtained for different metals all had the same slope, even 
though the threshold frequencies were different.^ The value 

of h could be obtained from Millikan's measurements;^ it agreed The equation KE 
very well with a value obtained by means of another, independ 
ent method. So Einstein's theory was verified quantitatively 



See "Space Travel:; Problems 
of Physics and Engineering" 
in Project Physics Reader 5 . 



= hf-W led 

max 

to two Nobel prizes: one to 
rinstein, who derived it theo- 
retically, and one to Millikan, 
who verified it experimentally. 



Historically, the first suggestion of a quantum aspect of 
electromagnetic radiation came from studies of the heat ra- 
diated by solids rather than from the photoelectric effect. 
The concept of quanta of energy hf was introduced by Max 
Planck, a German physicist, in 1900, five years before Ein- 
stein's theory. The constant h is known as Planck's con- 
stant., Planck was trying to account for the way m which 





Robert Andrews Millikan (1868- 
1953), an /\merican physicist, 
attended Oberlin College, where 
his interest in physics was 
only mild. After his gradua- 
tion he became more interested 
m physics, taught at Oberlin 
while taking his master's de- 
gree, and t^^en obtained his 
doctor's degree from Columbia 
University in 1895. After 
pos t-dcc torj 1 work in Germany 
he went > rhc University of 
Chicago, ;iicre he became a pro- 
fessor of physics in 1910. His 
work on the determination of 
the electronic charge took from 
1906 to 1913. He was awarded the 
Nobel Prize in physics in 1923 
for this research and for the 
very careful experiments which 
resulted in the verification 
of the Einstein photoelectric 
equation. In 1921, Millikan 
moved to the California Insti- 
tute of Technology, eventually 
becoming its president.; 



Some of MilUkan's data, which verified Einstein»s photoelectric equation, are plotted below. The 
straight- line relationship between frequency and potential is evident and the calculated value of h (in 
the inset) differs from the best modern values by only one percent. To obtain his data Millikan de- 
signed an apparatus in which the metal photoelectric surface was cut clean while in a vacuum. A knife 
inside the evacuated volume was manipulated by an electromagnet outside the vacuum to make the cuts 
This rather intricate arrangement was required to achieve an uncontammated metal surface. 




erJc 
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frequency 



(MilUkan's own symbols are shown here; they are different from the ones used in the text. Can you figure 
out the meaning of his symbols and units from the information given?) 

^opffirx^ volta^^^uict as stx^dents Wi((. 
One of hi^ solutloi^ wac -io not e^^end Vds 

curves helow ex certain YrMm^rtum cun^rit value > 



At f(rtfrs(^t it is Surpnz(V)^ ^taC a constant So skmaK ols k ccm f^e o(€tectec( <3xperi- 
yyx^etaH\^ dn^ can he o sigWifTca^ft -factor tVi mcast pHy^tc^l c^i^c^ c<^mica( jprtjcesses. Th 
ItiiS" cr)nr?ec<ron /t must be rernembcrw "f^cit fi usuallij e^ccurs \r\, itie product hf, 
IPte -(irequerrci^ f be vcrt^ Uxrvje.. ibb 

the heat energy radiated by a hot body depends on the fre- 
quency of the radiation.: Classical physics (nineteentn - 
century thermodynamics and olectromagnetism) could not ac- 
count for the experimental facts. Planck found that the 
facts could only be interpreted m terms of quanta. Em- 
stem's theory of the photoelectric effect was actually an 
extension and application of Planck's quantum theory of 
thermal radiation. Both the experiments on thermal radia- 
tion and the theory are much more difficult to describe 
than are the experiments and the theory of the photoelectric 
effect.> That is Vvhy we have chosen to introduce the new 
{and difficult) concept of quanta of energy by means of the 
photoelectric effect.: 




Planck's application of his theory to the experimental 
data available m 1900 yielded a value o his constant h. 
The value of h obtained by Millikan m his experiments 
agreed very well with Planck's value and had greater pre- 
cision. Additional, independent methods of determining 
Planck's constant have been devised- the values obtained 
with all different methods are in excellent agreement. 

The photoelectric effect presented physicists with a 
difficult problem. According to the classical wave theory, 
light consists of electromagnetic waves extending continuous 
ly throughout space. This theory was highly successful in 
explaining optical phenomena (reflection, refraction, po- 
larization, interference) but could not account for the 
Photoelectric effect. Einstein's theory, m which the ex- 
istence of discrete bundles of light energy was postulcted, 
accounted for the photoelectric effect;, it could not account 
for the other properties of light 

were two models whose basic concepts were mutually contra- 
dictory. Each model had its successes and failures. The 
problem was: what, if anything, could be done about the 
contradictions between the two models? We shall see later 
that the problem and its treatment have a central position 
in modern physics 



Max Planck (1858-1947), a German 
physicist, was the originator of 
the quantum theory, one of the 
two great revolutionary physical 
theories of the 20th century. 
(The other is Einstein's rela- 
tivity theory.) Planck won the 
Nobel Prize in 1918 for his quan- 
tum theory. He tried hard to make 
this theory fit in with the 
classical physics of Newton and 
Maxwell, but never succeeded. 
Einstein extended the idea of 
quanta much further than Planck 
himself did. 



Surprisingly, Planck was skeptical 
of Einstein's photoelectric 
theory when it was first intro- 
duced and once said, "If in some 
of his speculations — as for ex- 
ample in his hypothesis ^f the 
light quanta — ^he was overshooting 
The result was that there the target, this should hardly 

be counted against him. Without 
taking certain risks one would 
not be able to advance even in 
the most exact of the sciences." 
In spite of this early disagree- 
ment Planck and Einstein were 
friends and had the greatest 
respect for each other's scien- 
tific achievements . 



0*/ Einstein's idea of a quantum of light had a definite rela- 
tion to the wave model of light. What was it*^ 

C t Why doesn't the electron have as much energy as the quantum 
of light which ejects it? 

09 What does a "stopping voltage" of 2.0 volts indicate? 



186 X rays . In 1895, another discovery was made which, like the 
photoelectric effect, did not fit m with accepted ideas 
about electromagnetic waves and needed quanta for its ex- 



led ib rtie ac^coveruj of x Ytxi^. 
Kxe^ wene -foiArtd to be 
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Wilhelm Konrad Rbntgen 
(1845-1923) 



ERiC 



A fo^noTe. Jrcri^ l^dntb^erxjr f,«r ne^r^ : 'ror br^vitus sake T Ml uSc #ic expression 
yoMSj and To distirxa^uiSh -mem Warn otficns of ii^fs rtamm T shad call Ihcm x raus'' 
He had bee4r\ vneperrinj -te the "flctiv/e a^ent!' 

planation. The discovery was that of x rays by the Gerrran 
physicist, v^Jllhelm Rontgen. The original discovery, its 
consequences for atomic physics, and the uses of x rays are 
all dramatic and important. We shall, therefore, discuss 
X rays in some detail. 

On November 8, 1895, Rontgen was experimenting with 
cathode rays, as were many physicists all over the world. 
According to a biographer. 

He had covered the all-glass pear-shaped tube with 
pieces of black cardboard, and had darkened tne room 
in order to test the opacity of the black paper cover.. 
Suddenly, about a yard from the tube, he saw' a weak 
light that shimmered jn a little bench he knew \7as 
nearby. Hiahly excited, Rontaen lit a natch and, to 
his great surprise, discovered that the source of the 
mysterious light was a little barium platinocyanide 
screen lying on the bench. 

Barium platinocyanide, a mineral,, is one of the many 
chemicals known to fluoresce , that is, to emit visible 
light when illuminated with ultraviolet light.. No source 
of ultraviolet light was present in Rontgen 's experiment. 
Cathode rays had not been observed to travel more than a few 
centimeters in air. Hence, neither ultraviolet light nor 
the cathode rays themselves could have caused the fluores- 
cence. Rontgen, therefore, deduced that the fluorescence he 
had observed was due to rays of a new kind, whicn he named 
X rays, that is rays of an unknown nature. During the next 
seven weeks he made a series of experiments to determine 
the properties of this new radiation. He reported his re- 
sults on Dec. 28 1895 to the Wiirtzberg Physical Medical 
Society in a paper whose title,, translated, is "On a Hew 
Kind of Rays." 

Rontqen's paper described nearly all of the properties of 
X rays that are known even now. It included an account of 
the method of production of the rays and proof that they 
originated m the glass wall of the tube where the cathode 
rays strike. Rontgen showed that the rays travel m straight 
lines from their place of origin and that they darken a 
photographic plate. He reported m detail the ability of 
the X rays to penetrate various substances — paper, wood, 
aluminum, platinum and lead. Their penetrating power was 
greater through light materials (paper, wood, flesh) than 
through dense materials (platinum, lead, bone).: He described 
photographs showing "the shadows of bones of the hand, of a 
set of weights m a small box, and of a piece of metal whose 
mhomogeneity b*^comes apparent with x rays.' He gave a clear 
description of the shadows cast by the bones of the hand on 
the fluorescent screen. Rontgen also reported that the x rays 

Opposite: One of the earliest x-ray photographs made In the United 
States. It was made by Michael Pupin of Columbia University in 
1896. The man x rayed had been hit by a sho' gun blast. 



The discovery of x rays was nar- 
rowly missed by several physi- 
cists. Hertz and Lenard (another 
well-known German physicist) 
failed to distinguish the cathode 
rays — perhaps because they didn't 
happen to have a piece of paper 
covered with barium platinocy- 
anide lying around to set them 
on the track. An English physi- 
cist, Frederick Smith, found 
that photographic plates kept 
in a box near a cathode-ray tube 
were liable to be fogged — he 
told his assistant to keep them 
in another place! 

See TQ ; p. 47 {hr bh&f 
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X rays were often referred to 
as Rbntgen rays after their 
d iscoverer . 



Such a particle — the neutron — 
was discovered in 1932. You 
will see in Chapter 23 (Unit 6) 
how hard it was to identify. 
But the neutron has nothing to 
do with X rays. 

Bcxrkh ( ^rtttshf ($77-1^44^) 
hiA tneo^ of a polay'iTUX" 
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were not deflected by a magnetic field, and showed no re- 
flection, refraction or interference effects in ordinary 
optical apparatus . 

One of the most important properties of x rays was dis- 
covered by J. J. Thomson a month or two after the rays 
themselves had become known. He found that when the rays 
pass through a gas they make it a conductor of electricity. 
He attributed this effect to "a kind of electrolysis, the 
molecule being split up, or nearly split up by the Rontgen 
rays." The x rays, in passing through the gas, knock elec- 
trons loose from some of the atoms of the gas. The atoms 
that lose these electrons become positively charged. They 
are called ions because they resemble the positive ions m 
electrolysis, and the gas is said to be ionized . 

Rontgen and Thomson found, independently, that the ioniza 
tion of air produced by x rays discharges electrified bodies 
The rate of discharge was shown to depend on the intensity 
of the rays. This property was therefore used as a quanti- 
tative means of measuring the intensity of an x-ray beam. 
As a result, careful quantitative measurements of the prop- 
erties and effects of x rays could be made. 

One of the problems that aroused interest during the 
years following the discovery of x rays was that of the 
nature of the rays. They did not act like charged parti- 
cles — electrons for example — because they were not deflected 
by a magnetic field (or by an electric field) . They there- 
fore had to be either neutral particles or electromagnetic 
waves. It was difficult to choose between these two possi- 
bilities. On the one hand, no neutral particles of atomic 
size (or smaller) were known which had the penetrating power 
of X rays. The existence of neutral particles with high 
penetrating power would be extremely hard to prove in any 
case, because there was no way of getting at them. On the 
other hand, if the x rays were electromagnetic waves, they 
would have to have extremely short wavelengths ; only in 
this case, according to theory, could they have high pene- 
trating power and show no refraction or interference effects 
with optical apparatus. 

The spacing between atoms in a crystal is very small. 
It was thought, therefore, that if x rays were waves, they 
would show diffraction effects when transmitted through 
crystals. In 1912, experiments on the diffraction of x rays 
by crystals showed that x rays do, indeed, act like electro- 
magnetic radiations of very short wavelength — like ultra 
ultraviolet light. These experiments are too complicated to 
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discuss here but they wfcre convincing to physicists, and 
the problem of the nature of x rays seemed to be solved. 

X rays were also found to have quantum properties. They 
cause the emission of electrons from metals. These elec- 
trons have greater kinetic energies than those produced by 
ultraviolet light. The icnization of gases by x rays is 
also an example of the photoelectric effect; in this case 
the electrons are freed from molecules. Thus, x rays also 
require quantum theory for the explanation of their behavior. 
The problem of the apparent wave and particle properties of 
light was aggravated by t* discovery 
that X rays also showed wave and par- 
ticle properties. 

Rontgen's discovery excited intense 
interest throughout the entire scientif 



Tfre poSit{<?n of Hie atoms 
in ttne, crysfeL can be 
inferred frvm a dt^frvuC' 
ticn pattern, . See ft^ure 
heiow. TPie ppitem 
d^penc's upon ihe onen- 
f'oi^ion of ihe orus/aC , so 
wi^n ithe ort€r\tatJ<i>n of 

line x-ra<^ beayvx is chang- 
ed ^ ttie ^octtem cha^nc^e^ 

x-ray diffraction patterns 
from a metal crystal. 



ic world. His experiments were repeated, 
and extended, in many laboratories in 
both Europe and America. The scientific 
journals, during the year 1896, were 
filled with letters and articles describ- 
ing new experiments or confirming the 
results of earlier experiments. This 
widespread experimentation was made 
possible by the fact that, during the 
years before Rontgen's discovery, the 
passage of electricity through gases had 
been a popular topic for study by physi- 
cists. Hence many physics laboratories 
had cathode-ray tubes and could produce x rays easily. In- 
tense interest in x rays was generated by the spectacular use 
of these rays in medicine.. Within three months of Rontgen's 
discovery, x rays were being put to practical use in a hos- 
pital in Vienna in connection with surgical operations. The 
use of this new aid to surgery spread rapidly. Since Ront- 
gen's time, X rays have revolutionized certain phases of 
medical practice, especially the diagnosis of some diseases 
and the treatment of cancer. In other fields of applied 
science, both physical and biological, uses have been found 
for X rays which are nearly as important as their use in 
medicine. Among these are the study of the crystal structure 
of materials; "industrial diagnosis," such as the search for 
possible defects in the materials of engineering; the analy- 
sis of such different substances as coal and corn; the study 
of old paintings; the detection of artificial gems; the study 
of the structure of rubber; and many others. 




d\ffr^ciidy\, is fo\AY\d on p. {oo. 



An English physicist, Sir Arthur 
Schuster, vnrote that for some 
time after the discovery of 
X rays, his laboratory at Man- 
chester was crowded with medical 
men bringing patients who were 
believed to have needles in 
various parts of their bodies. 
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'"M act -ib }prolnihif' tf^e insev^Uo^ of x rays or- anu\ tXevioe Ay 
pre^acVn^ -ft^ san^e: trtto ^ or tFieir use \yx cjovxn&dXhly wif^ , ope^ 
0^(\sse.Q or stmi/ar a\d^ ^ V{sior\ 

Title of a bill introduce iritb o^e of owr stofe (^is(^tuw in («9^>. 



Tl^(5 phe^orrte^n is kn^Twn as 
nxeamncj " braking rucXtatiora 

X rays are commonly produced by direct- 
ing a beam of high energy electrons 
onto a metal target. As the elections 
are deflected and stopped, x rays of 
various energies are produced. The 
maximum energy a single x ray can have 
is the total kinetic energy of an in- 
cident electron. So the greater the 
voltage across which the electron beam 
IS accelerated, the more energetic — 
and penetrating — are the x rays. One 
type of X ray tube is shown in the 
sketch below, where a stream of elec- 
trons is emitted from C and accelerated 
across a high voltage to a tungsten 
target T. 




In the photograph at the right is a 
high voltage machine which is used to 
produce x rays for research. This 
van de Graaf type of generator (named 
after the American physicist who in- 
vented it), although not very different 
in principle from the electrostatic 
generators of the 1700 's, can produce 
an electric potential difference of 
4,000,000 volts. 

Such a high voltage is possible because 
of a container, seen in the photograph 
about to be lowered over the generator, 
which will be filled with a nonconduct- 
ing gas under high pressi»re. (Ordi- 
narily, the strong electric fields 
around the charged generator would 
ionize the air and charge would leak 
off.) 
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Above left is a rose, photographed with 
X rays produced by an accei er ator-voltage 
of 30,000 volts. At left is the head of 
a dogfish shark; its blood vessels have 
been injected with a fluid that absorbs 
X rays. Below, x i-ays are being used to 
inspect the welds of a 
a nuclear reactor. At 
familiar use of x rays 
the resulting records, 
are injurious to tissues, a great deal 
of caution is required in using them. 
For example, the shortest possible pulse 
is used, lead shielding is provided for 
the body, and the technician retreats 
behind a wall of lead and lead glass. 



400-ton tank for 
the right is the 
in dentistry and 
Because x rays 




> X rays were the first "ionizing" radiation discovered. What 
does "Ionizing," mean? 

OU What were three properties of x rays that led to the conclu- 
sion that X rays were electromagnetic waves? 

U1? What was the evidence that x rays had a very '^hort wave- 
length? 
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7 ElectronS/ quanta and the atom . By the beginning of the 
twentieth century enough chemical and physical information 
was available sn that many physicists devised models of 
atoms. It was known that electrons could be obtained from 
many different substances and in different ways. But, in 
whatever way the electrons were obtained, they were alvays 
found to have the same properties. This suggested the notion 
that electrons are constituents of all atoms. But electrons 
are negatively charged, while samples of an element are or- 
dinarily neutral and the atoms making up such samples are 
also presumably neutra',. Hence the pt'^.sence of electrons m 
an atom would require tne presence also of an equal amount of 
positive charge. 

The determination of the values of q/m for the electron 
and for charged hydrogen atoms (ions, in electrolysis ex- 
periments) indicated, as mentioned m Sec. 18.2, that hydro- 
gen atoms are nearly two thousand times more massive than 
electrons. Experiments (which will be discussed in some 
detail in Chapter 22) showed that electrons constitute only 
a very small part of the atomic mass in atoms more massive 
than those of hydrogen. Consequently any model of an atom 
must take into account the following mf onriation : (a) an 
electrically neutral atom contains equal amouncs of positive 
and negative charge; (b) the negative charge is associated 
with only a small part of the mass of the at^in. Any atomic 
model should answer two questions: (1) how many electrons 
are there in an atom, and (2) how are the electrons and the 
positive charges arranged in an atom? 

During the first ten years of the twentieth century sev- 
eral atomic models were proposed, but none was satisfactory. 
The e;»rly models were all based upon classical physics, that 
is, upon the physics of Newton and Maxwell. No one knew 
how to invent a model based upon the theory of Planck which 
incorporated the qucintization of energy. The "e was also 
need for more experimental knowledge. Nevertheless this state 
of affairs didn^C keep physicists from trying: even a partly 
wrong model might suggest experiments that might, in turn, 
provide clues to a Setter model. Until 1911 the most pop- 
ular model was one proposed by J. j. Thomson in 1904. 
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Thomson suggested that an atom consisted of a sphere of 
positive electricity in which was distributed an equal 
amount of negative charge in the form of electrons. Under 
this assumption, the atom was like a pudding of positive 
electricity with the negative electricity scattered in it 
like raisins. The positive "fluid" was assumed to act on the 
negative charges, holding them in the atom by means of elec- 
tric forces only. Thomson did not specify how the positive 
"fluid" was held together. The radius of the atom was taken 
to be of the order of 10"^ cm on the basis of information 
from the kinetic theory of gases and other considerations. 
With this model Thomson was able to calculate rertain prop- 
erties of atoms. For example, he could calculate whether it 
would be possible for a certain number of electrons to re- 
main in equilibrium, that is, to stay inside the atom with- 
out flying apart. Thomson found that certain arrangements 
of electrons would be stable.: Thus, Thomson's model was 
consisted- with the existence of stable atoms. Thomson's 
theory also suggested that chemical properties might be as- 
sociated with particular groupings of electrons. A systematic 
repetition of chemical properties mic^ht then cccur among 
groups of elements. But it was not possible to deduce the 
structure of particular elements and no detailed comparison 
with the actual periodic table could be made.. 



of 1th^ atjbrn 



See "The 'Thomson' Atom" 

in Project Physics Reader 5 . 



3<2 5MJ^ fe enifhasize^ that 
ivi' was onlvj cuTrijecture^ ^ 
did in fact proves 



Some stable arrangements of 
electrons in Thomson atoms. 
The atomic number 2 is inter- 
preted as the number of elec- 
trons • 



- .if 



2-/ 



Z^3 



r-4 



In Chapter 19 we shall discuss some additional experimen- 
tal information that provided valuable clues to the structure 
of atoms. We shall also see how one of the greatest physi- 
cists of our time, Niels Bohr, was able to combine the ex- 
perimental evidence with the concept of quanta into an 
exciting theory of atomic structure. Although Bohr's theory 
was eventually replaced, it provided the clues that led to 
the presently accepted theory of the atom — tlie quantum 
mechanical theory. 

Q13 Why was most of the mass of an atom believed to be associated 
with positive electric charge? 
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18.1 In Thomson's experiment (Fig. 18.4) on the ratio of 
charge to mass of cathode ray particles, the following might 
have been typical values for B, V and d: with a magnetic 
field B alone the deflection of the beam indicated a radius 
of curvature of the beam within the field of 0.114 meters 
for 15 = 1.0 X 10"^ tesla. With the same magnetic field, the 
addition of an electric field in the same region (V = 200 
volts, plate separation d = 0.01 meter) made the beam come 
straight through. 

a) Find the speed of the cathode ray particles in 
the beam. «3 Ok lO*^ ^/scc 

b) Find q/m for the cathode ray par tides. | g: ^ |0 " COxAj^^ 

I 2 18.2 Given the value for Lhe charge on the electron, show 
jifYff\tt\u Vlth^jff^ that a current of one ampere is equivalent to the movement 

^ of 6.25 ^ 10^® electrons per second past a given point. dierv^oKibn 

18.3 In the apparatus of Fig. 18.7, an electron is turned 
back before reaching plate A and eventually arrives at plate 
C from which it was ejected. It arrives with some kinetic 
energy. How does this final energy of the electron compare 
with the energy it had as it left the cathode? g^j^^^ ViJue. 

18.4 It is found that at light frequencies oeiow the critical 
frequency no photoelectr ons are emitted. What happens to the 
light energy? garter ohsar\»d OS a \a/Wo<« , or rofledCtJi. 

18.5 For most metals, the work function W is about 10*^^ ,^ . 
joules. To what frequency does this correspond? Inwhat'-^^'^ ^^^/StC 
region of the spectrum is this frequency? Wj^^ 



amp-m 

and is now called the 
(after the electrical engi 
er, Nikola Tesla). Measured 
in this unit the earth's mag- 
netic field is about 0.00005 T 
and that of a good electro- 
magnet about l.Ot. 



Planck's constant has the value 
h = 6.6 X 10"^** joule-sec. 



requency? \^p^ -vk>Ut 
18.6 What is the energy of a light photoa which has a wave- 



length of 5 X 10*7 tn? 5 



10 
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18.7 The minimum or threshold frequency for emission of 
phot oelectrons for copper is 1.1 5< 10^^ cycles/sec. When 
ultraviolet light of frequency 1.5 x 10^^ cycles/ sec shines^ ,4 x 
on a ccpper surface, what is the maximum energy on the | ^ 
phot oelectrons emitted, in joules? In electron volts? 

18.8 What is the lowest-frequency light that will cause the 
emission of photoelectrons from a surface for which the work 
function is 2.0 eV, that is, a surface such that at le^st ^ lo'^cuotesv 
2.0 eV of energy are needed to eject an electron from it?^" " 

o 

18.9 Monochromatic light of wavelength 5000 A falls on a 
metal cathode to produce photoelectrons. The lig^it intensity 
at the surface of the metal is 10^ joules/m^ per sec.: 

a) How many photons fall on 1 m^ in one s^cl^^ ^\q2o ^L^fjwy 
If the diameter of an atom is 1 X, how many photons 

fall on one atom in one second on the average?^, 5" pMtbnsl^ec 
How often would one photon fall on cne atom on the 
average?^. 4* s^c 



Sec 



b) 
c) 
d) 
e) 



How many photons fall on one atom in 10*^^ sec on 

the average?a.5 X pMC^ns 
Suppose the cathode is a square 0.05 m on a side. 
Kow many electrons are released per second, assum- 
ing every photon releases a photoelectr on? Hov^^^ k JO^pk^jfc»tx/ 
big a current would this be in amperes^ ^ A*«f 



sec 



18.10 Roughly how many photons of visible light are given off 
per second by a 1-watt flashlight? (Only about 5 per cent 
of the electric energy input to a tungsten-filament bulb is 
given off as visible light. 17 p^-tdt^s 

Hint: first find the energy, in joules, of an average 
photon of visible light. 
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18.11 T» 1 ighesc frequency, f^^^, of che x rays produced by 

^" ^ achine is given by the relation 

hf = q V, 
max ^e 

where h is Planck's constant and V is the potential differ- 
ence at which the machine operates. If V is 50,000 volts, 
what IS t 2 I o I 

W* / a X It? 

18.12 The equation giving the maximum ener^) of the x rays in 
the preceding problem looks like one ol ine equations in 
Einstein^s theory of the photoelectric effect. How would you 
account for this similarity? . 

aiscussion 

18.13What potential difference must be applied across an 

x-ray tube for it to emit x rays with a minimum wavelength , - 

of 10"i 1 m? What is the energy of these x rays in ioules? '-o^ x lO * v/^/fe 

In electron volts? ' i.9x|0-'Vj or I.Skx/C'^e'V 

18.14a glossary is a collection of terms limited to a special 
field of knowledge. Make a glossary of terms that appeared 
for the first time in this course m Chapter 18. Make an 
informative statement about each concept. , 

aiscuss(cn 

18.15 In his Opticks, Newton proposed a set of hypotheses about 
light which, taken together, constitute a fairly complete 
model of light. The hypotheses were stated as questions. 
Three of the hypotheses are given below: 

Are not all hypotheses erroneous, in which light is 
supposed to consist in pression or motion waves ...^ 
[Quest. 28' 

Are not the rays of light very small bodies emitted 
from shining substances? (Quest. 29] 

Are not gross bodies and light convertible into one 
another, and may not bodies receive much of their 
activity from the particles of light which enter 
their composition? [Quest. 30] 

a) Was Einstein's interpretation of the photoelectric 

effect anticipated by Newton? How are the models 
similar? How different? ^^^^ 

b) Why would Newton's model be iSs5m5ient to explain 

the photoelectric effect? What predictions can we 
make with Einstein's model that we can't with 
Newton's? diGCuSSfhn. 
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Chapter 19 The Rutherford-Bohr Model of the Atom 
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Sculpture representing the Bohr model of a sodium atom* 
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19.1 Spectra of gases . One of the first real clues to our under- 
standing of atomic structure was provided by the study of 
the emission and absorption of light by samples of the ele- 
ments. This study, carried on for many years, resulted in 
a clear statement of certain basic questions that had to be 
answered by any theory of atomic structure, that is, by any 
atomic model. The results of this study are so important to 
our story that we shall review the history of their develop- 
ment in some detail. 

It had long been known that light is emitted by gases or 
vapors when they are excited in any one of several ways: by 
heating the gas to a high temperature, as when some volatile 
substance is put into a flame; by an electric discharge, as 
when the gas i's between the terminals of an electric arc or 
spark; by a continuous electric current in a gas at low pres- 
sure, as in the familiar "neon sign." 

The pioneer experiments on light emitted by various ex- 
cited gases were made in 1752 by the Scottish physicist 
Thomas Meivill. He put one substance after another in a 
flame; and "having placed a pasteboard with a circular hole 
in it between my eye and the flame..., I examined the con- 
stitution of tnese different lights with a prism." Meivill 
found the spectrum of light from a hot gas to be different 
from the continuum of rainbow colors in the spectrum of a 
glowing solid or liquid. Meivill 's spectrum consisted, not 
of an unbroken stretch of color continuously graded from 
violet to red, but of individual circular spots, each having 
the color of that part of the spectrum in which it was lo- 
cated, and with dark gaps (missing colors) between the spots. 
Later, when more general use was made of a narrow slit through 
which to pass the light, the spectrum of a gas was seen as a 
set of lines (Fig. 19.1); the lines are colored images of the 
slit. Thus the spectrum of light from a gas came to be called 
a line emission spectrum . From our general theory of light and 
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of the separation of light into its conponent colors by a prism, ^oiV 0^nera^[[a US^ rdl^r 
we mav infer that liaht from ri.^: ^. ^ ^ 'J 



we may infer that light from a gas is a mixture of only a fev 
definite colors or narrov; v^avelength regions of light. 

Meivill also noted that the colors and locations of the 
bright spots were different when different substances were 
put in the flame. For example, with ordinary table salt in 
the flame, the predominant ^olor was "bright yellow" (now 
known to be characteristic of the element sodium). In fact, 
the line emission spectrum is markedly different for each 
chemically different ga*s. Each chemical element has its 
own characteristic set of wavelengths (Fig. 19.1).: In 
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Hot solids emit all wavelengths 
of light, producing a continuous 
spectrum. 



r 




riot gases emit only certain 
wavelengths of light » produc- 
ing a "bright line" spectrum. 



r 




Cool gases absorb only certain 
wavelengths of light, producing 
a "dark line" spectrum. 
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looking at a gaseous source without the aid of a prism or a 
grating, the eye synthesizes the separate colors and perceives 
the mixture as reddish for glowing neon, pale blue for nitro- 
gen, yellow for sodium vapor, and so on. 

Some gases have relatively simple spectra. Thus sodium 
vapor shows two bright yellow lines m the visible part of 
the spectrum. Modern measurements give 5 8 89.953 A and 

o 

5895.923 A for their wavelengths. Only a good spectrometer 
can separate them clearly, and we usually speak of them as 
a sodium "doublet" at about 5890 A. Some gases or vapors. 
On the other hand, have exceedingly complex spectra. Iron 
vapor, for example, has some 6000 bright lines in the visible 
range alone. 

In 1823 the British astronomer John Herschel suggested 
that each gas could be identified from its unique line spec- 
trum.. Here was the beginning of what is known as spectrum 
analysis . By the early 1860's the physicist Gustav R. Kirch- 
hoff and the chemist Robert W. Bunsen, in Germany, had joint- 
ly discovered two new elements (rubidium and cesium) by noting 
previously unreported emission lines in the spectrum of the 
vapor of mineral water. This was the first of a series of 
such discoveries: it started the development of a technique 
making possible the speedy chemical analysis of small samples 
by spectroscopy. 

In 1802 the English scientist William Wollaston saw in 
the spectrum of sunlight something that had been overlooked 
before. Wollaston noticed a set of seven sharp, irregularly 
spaced dark lines across the continuous solar spectrum. He 
did not understand why they were there, and did not carry 
the investigation further. A dozen years later, Fraunhofer, 
the inventor of the grating spectrometer, used better instru- 
ments and detected many hundred such dark lines. To the most 
prominent dark lines, Fraunhofer assigned t.he letters A, B, 
C. . . 




Violet Blue Green Yellow Orange Red 

Fig. 19.2 The- fraunhofer dark lines in the visible part of the solar 
spectrum, only a few of the most prominent lines are represented.. 



In the spectra of several other bright stars, he found 
similar dark lines, many of them, although not all, being 
in the same positions as those in the solar spectrum. 




Fig. 19.1 Parts of the line 
emission spectra of mercury 
(Hg) and helium (He), redrawn 
from photographic records. 
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Fig. 19. A Comparison of the line 
absorption and emission spectra 
of sodium vapor* 
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The key observations toward a better understandina of 
both the dark-line and the bright-line spectra of gases 
were made by Kirchhoff in 1859. By that time it was known 
that the two prominent yellow lines in the emission spec- 
trum of heated sodium vapor had the same wavelengths as two 
prominent dark lines in the solar spectrum to which Fraun- 
hofer had assigned the letter D. It was also known that 
the light emitted by a glowing solid forms a perfectly con- 
tinuous spectrum that shows no dark lines. Kirchhoff now 
demonstrated that if the light from a glowing solid, as 
on page 66, is allowed first to pass through sodium vapor 
having a temperature lower than that of the solid emitter 
and is then dispersed by a prism, the spectrum exhibits 
two prominent dark lines at the same place in the spectrum 
as the D-lines of the sun's spectrum. When this experiment 
was repeated with other gases placed between the glowing 
solid and the prism, each was found to produce its own 
characteristic set of dark lines. Evidently each gas in 
some way absorbs light of certain wavelengths from the 
passing "white" light; hence such a pattern of dark lines 
is called a line absorption spectrum, to differentiate it 
from the bright-line emission spectrum which the same gas 
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v/ould send out at a higher temperature. Most interesting 
of all, Kirchhoff showed that the wavelength corresponding 
to each absorption line is equal to the wavelength of a 
bright line in the emission spectrum of the same gas. The 
conclusion is that a gas can absorb only light of those 
wavelengths which, when excited, it can emit (Fig. 19.4). 
But not every emission line is represented in the absorp- 
tion spectrum.* 

Q1 What can you infer about light which gives a bright line 
spectrum? 

Q2 How can such light be produced? 

Q3 What can you infer about light which gives a dark line 
spectrum? 

Q4 How can such light be produc^ad? 
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drogen is especially interesting for historical and theoreti- 
cal reasons. In the visible and near ultraviolet regions, 
the emission spectrum consists of a series of lines whose 
positions are indicated in Fig. 19.5* In 1885, a Swiss 
school teacher, Johann Jakob Balmer, found a simple formula 
— an empirical relation — which gave the wavelengths of the 
lines known at the time. The formula is: 
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Johann Jakob Balmer (1825-1898), 
a teacher at a girls' school in 
Switzerland, came to study wave- 
lengths of spectra listed in 
tables through his interest in 
mathematical puzzles and numer- 
ology. 
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Here b is a constant which Balmer determined empirically and 
found to be equal to 364 5.6 X, and n is a whole number, dif- 
ferent for each line- Specifically, n must be 3 for the 
first (red) line or the hydrogen emission spectrum (named H^) 
n = 4 for the second (green) line (H_) n = 5 for the third 
(blue) line (H^) ; and n = 6 for the fourth (violet) line (H^) 
Table 19.1 shows the excellent agreement (within 0.02 %) be- 
tween the values Balmer computed from his empirical formula 
and previous 2 V measured values. 

In his paper of 1885, Balmer also speculated on the pos- 
sibility that there might be additional series of hitherto 

unsuspected lin<2s in the hydrogen spectrum, and that their 

2 

wavelengths could be found by replacing the 2 in the denom- 
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inator of his equation by other numbers such as 1 , 3 , 4 , 
and so on. This suggestion, whicn stimulated many workers 
to search for such additional spectral series, also turned 
out to be fruitful. The formula was found to need still 
another modification (which we shall discuss shortly) before 
it would correctly describe the new series. 

To U'ie modern notation, we first rewrite Balmer 's formula 
in a more suggestive form: 




Fig. 19.5 The Balmer lines of 
hydrogen; redrawn from a photo- 
graph made with a film sensitive 
to ultraviolet light as well as 
to visible light. 
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Wavelength X (A) 



Name 
of Line 



n 
3 



Fro*r. Balmer' s By Angstrom's 
formula measurement 



6562.08 
4860.8 

4340 
4101.3 



6562.10 
4860.74 
4340.1 
4101.2 



Difference 
+0.02 

-0.06 

+0.1 

-0.1 



Table 19.1 Data on hy- 
drogen Spectrum (as given 
in Balmer 's p^^oer) . 
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In this equation, which can be derived from the first one, 
IS a constant, equal to 4/b. It is called the Rydberg 
constant for hydrogen in honor of the Swedish spectroscopi st 
J. R. Rydberg who, following Balmer, made great progress m 
the search for various spectral series. The lines described 
by Balmer 's formula are said to form a series, called the 
Balmer series. 

If we can now follow Balmer^s speculative suggestion of 
replacing 2^ by other numbers, we obtain the possibilities: 



12 



32 



42 



and so on. All these possible series of lines can be summa- 
rized in one formula: 




^art of the ultraviolet 
spectrum of the star 
Rigel ( 3 Orion) . The 
dark bands are due to 
absorption by hydrogen 
gas and match the lines 
of the Balmer series as 
indicated by the \ num- 
bers (where H \ would be 
H^, would be etc.). 



n . ' 
1 



where n^ is an integer that is fixed for any one series for 
which wavelengths are to be found (for example, it is 2 for 
the Balmer series). The letter n^ denotes integers that 
take on the values n^ + 1 , n^ + 2 , n^ + 3 , . . . for the suc- 
cessive individual lines in a given series (thus, for the 
first two lines of the Balmer series, n^ js 3 and 4, respec- 
tively) . The Rydberg constant should have the same value 
for all of these hydrogen series. 

So far, our discussion has been merely speculation. No 
series, no single line fitting the formula in the general 
formula, need exist (except for the Balmer series, where 
nf =2) . But when we look for these hypot^etical lines — we 
find that they do exist. 

In 1908, F. Paschen in Germany found two hydrogen lines 
in the infrared whose wavelengths were correctly given by 
t^etting n^ = 3 and n^ = 4 and 5 in the general formula, and 
many other lines in this Paschen series have since been 
identified. With improvements of experimental apparatus and 
techniques, new regions of the spectrum could be explored, 
and then to the I>almer and Paschen series others gradually 
were added. In Table 19.2 the name of each series is that 
of its discoverer, 

Balmer had also expressed the hope that his formula might 
-ndicate a pattern for finding r>eries relationships in the 
spectra of other gases. This suggestion bore fruit even 
sooner than the one concerning additional series for hydro- 
gen. Rydberg and others now made good headway in finding 
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series formulas for various gases. While Balmer's formula 
did not serve directly in the description of spectra of 
gases other than hydrogen, it inspired formulas of similar 
mathematical form that were useful in expressing order in 
portions of a good many complex spectra. The Rydberg con- 
stant also reappeared in such empirical formulas. 



Table 19.2 Series of lines in the hydrogen spectrum. 



Name of 
series 


Date of 
Discovery 




Values 
Eq. (19 


in 
.3) 






Region of 
spectrum 






Lyman 


1906-1914 


"f = 


= 1, 


n . = 
1 


2, 


3, 


4,. 


. .ultraviolet 






Balmer 


1885 


"f = 


= 2, 


n . = 

1 


3, 


4, 


5,. 


. .ultraviolet- 
visible 






Paschen 


1908 


"f = 


= 3, 


n . = 
1 


4, 


5, 


6,. 


. . infrared 






Brackett 


1922 


"f = 


= 4, 


n. = 
1 


5, 


6, 


7,. 


. . infrared 
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Pf und 


1924 


"f = 


= 5, 


n . = 
1 


6, 


7, 


8,. 


. . infrared 


SG 


19 3 
19 4 



Physicists tried to account for spectra in terms of atomic 
models. But the great number and variety of spectral lines, 
even from the simplest atom, hydrogen, made it difficult to 
do so. Nevertheless, physicists did eventually succeed in 
understanding the origin of spectra. In this chapter and 
the next one, we shall get some idea of how this was done. 



Q5 What evidence did Balmer have that there were other series 
of lines in the hydrogen spectrum with terms 3^, 4^, etc.? 

Q6 Often discoveries result from careful theories (like 
Newton's) or a good intuitive grasp of phenomena (like Faraday's). 
What led Balmer to his relation for spectra? 
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19.3 Rutherford' s nuclear model of the ato m. A new basis for 
atomic models. was provided during the period 1909 to 1911 
by Ernest Rutherford (1871-1937), a New Zealander who had 
already shown a rare ability as an experimentalist at McGill S^oii ^ pOSltlVeilj 

University, Montreal, Canada. He had been invi.ed in 1907 ci^^^^ VXUCleuS. 
to Manchester University in England, where he headed a pro- 
ductive research laboratory. Rutherford was specially SG 19,5 
interested in the rays emitted by radioactive substances, 
in particular in a (alpha) rays. As we shall see in Chapter 
20, a rays consist of positively charged particles. These 

particles are positively charged helium atoms with masses *" " 

about 7500 times larger than the electron mass. Some radio- 
active substances emit a particles at a great enough rate 
and with enough energy so that the particles can be used as 

T^o : -rfie stfudure of a^om^ 
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projectiles to bombard samples of elements. The experiments 
that Rutherford and his colleagues did with a particles are 
an example of a highly important kind of experiment m atomic 
and nuclear physics — the scattering experiment. 

In a scattering experiment, a narrow, parallel beam of 
projectiles or bullets (a particles, electrons, x rays) is 
aimed at a target that is usually a very thin foil or film 
of some material. As the beam strikes the target, some of 
the projectiles are deflected, or scattered, from their 
original direction. The scattering is the result of the 
interaction between the particles or rays in the beam and 
the atoms of the material. A careful study of the projec- 
tiles after they have been scattered can yield information 
about the projectiles, the atoms, or both — or the interaction 
between them. Thus if we knov t^ie mass, energy and direction 
of the projectiles, and see what happens to them in a scatter- 
ing experiment, we can deduce properties of the atoms that 
scattered the projectiles. 

Rutherford noticed that when a beam of a particles passed 
through a thin metal foil, Uie beam spread r>ut. He thought 
that some of the particles were scattered out of the beam by 
colliding with atoms in the foil. The scattering of a par- 
ticles can be described in terms of the electrostatic forces 
between the positively charged a particles and the charges 
that make up atoms. Since atoms contain both positive and 
negative charges, an a particle is subjected to both repul- 
sive and attractive forces as it passes through matter. The 
magnitude and direction of these forces depend on how near 
the particle happens to approach to the centers of the atoms 
past which it moves. When a particular atomic model is pos- 
tulated, the extent of the scattering can be calculated quan- 
ta 'natively and compared with experiment. In the case of the 
Thomson atom, calculation showed that the probability that 
an a particle would be scattered through an angle of more 
than a few degrees is negligibly small. 

One of Rutherford's assistants, H. Geiger, found that 
the number of particles scattered through large angles, 10** 
cr more, was much greater than the number predicted on the 
basis of the Thomson model. In fact, one out of about every 
8000 a particles was scattered through an angle greater than 
90**, This result meant- that a significant number of a parti- 
cles bounced back from the foil. This result was unexpected. 
Some years later, Rutherford wrote: 
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Ernest Rutherford was bom, gi ew 
up, and received most of his ed- 
ucation in New Zealand. At age 
24 he went to Cambiidge, England 
to work at the Cavendish Labora- 
tory under J.J. Thomson. From 
there he went to McGill Univer- 
sity in Canada, then home to be 
married and back to England a- 
gain, now to Manchester Univer- 
sity. At these universities, 
and later at the Cavendish Lab- 
oratory where he succeeded J.J. 
Thomson as diiector, Rutherford 
performed important experiments 
on radioactivity, the nuclear 
nature of the atom, and the 
structure of the nucleus. Ruth- 
erford intioduced the names 
"alpha," "beta" and "gamma" 
rays, "protons," and "half- 
life." For his scientific 
work, Rvjtherford was knighted 
and received a Nobel Prizo. 
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In the photograph above, Ruther- 
ford holds the apparatus In which 
he arranged for a particles to 
bombard nitrogen nuclei— not to 
study scattering, but to detect 
actual disintegration of the ni- 
trogen nuclei'. (See Sect. 23.3 
in Unit 6 Text .) 
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Fig. 19.6 Paths of two a par- 
ticles A and A' approaching a 
nucleus N\ (Based on Rutherford, 
Philosophical Magazine , vol. 21 
(1911), p. 669.) 



...I had observed the scattering of a-particles, and 
Dr. Gciger in my laboratory had examined it m detail. 
He found, m thin pieces of heavy metal, that the 
scattering was usually small, of the order of one 
degree. One day Geiger came to me and said, "Don't 
you thiPK that young Marsden, whom I am training in 
radioactive methods, ought to begin a small research?" 
Now I had thought that, too, so I said, "Why not let 
him see if any a-particles can be scattered through 
a large angle?" I nay tell you in confidence that 
did not believe that they would be, since we knew 
that the a-particl^ was a very fast, massive particle, 
with a great deal of (kinetic) energy, and you could 
show that if the scattering was due to the accumulated 
effect of a number of small scatterings, the chance 
of an oi-particle * s being scattered backward was very 
small. Then I remember two or three doys later 
Geiger coming to me in great excitement r.ro saying, 
•We have been able to get some of the a-particles 
coming backward..." It was quite the most incredible 
event that has ever happened to me m my life. It 
was almost as incredible as if you fired a 15-inch 
shell at a piece of tissue paper and it came back 
and hit you. On consideration, I realized that this 
scattering backward must be the result of a single 
collision, and when I made calculations I saw that 
It was impossible to get anything of that order of 
magnitude unless you took a system in which the 
greater part of the mass of the atom was concentrated 
m a minate nucleus. It was then that I had the idea 
of an atoir. with a minute massive centre, carrying a 
charge . 

These experiments and Rutherford's idea marked the origin 
of the modern concept of the nuclear atom . Let us look at 
the experiments more clo'^ely to see why Rutherford concluded 
that the atom must have its mass and positive charge concen- 
trated at the center, thus forming a nucleus about which the 
electrons are clustered.^ 

A possible explanation of the observed scattering is that 
there exist in the foil concentrations of mass and charge — 
positively charged nuclei — much more dense than Thomson's 
atoms. An a particle heading directly toward one o£ them is 
stopped and turned back, as a ball would bounce back from a 
rock but net from a cloud of dust particles. Figure 19.6 is 
based on one of Huthcrford's diagrams in his paper of 1911/ 
which may be said to havc? laid the foundation for the modern 
theory of atomic structure. It shows two a particles A and 
A'. The a particle A is heading directly toward a nucleus N. 
Because of the electrical repulsive force between the two, 
A is slowed to a stop at some distance r from and then 
moves directly back. A* is another a particle .nat is not 
headed directly toward the nucleus N; it swer-^es away from 
N along a path which calculation showed must be an hyperbola. 
The deflection of A' from its original path is indicated by 
the angle . 



See TCi^ f>. for ndte on "KulPxerfbrd ScaiTe^^^ . 
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Rutherford considered the effects of important factors on 

the OL particles — their initial speed v , the foil thickness 

a 

t, and tha quantity of charge Q on each nucleus. According 
to Che theory most of the a particles should be scattered 
through small angles, but a significant number sho'ild be 
scattered through large angles. 

Geiger and Marsden undertook tests of these predictions 
with the apparatus shown schematically in Fig. 19.8. The 
lead box B contains a radioactive substance (radon) which 
emits a particles. The particles emerging from the small 
hole in the box are deflected through various angles i m 
passing through the thin metal foil F. The number of parti- 
cles deflected through each angle t is found by letting the 
particles strike a small zinc sulfide screen S. Each a par- 
ticle that strikes the screen produces a scintillation (a 
momentary pinpoint of fluorescence) . These scintillations 
can be observed and counted by looking through the micro- 
scope M; S and M .can be moved together along the arc of a 
circle up to <^ = 150"*. In later experiments, the number of 
a particles at any angle was counted mor*^ conveniently by 
replacing S and M by a counter (Fig. 19 .,9) invented by Geiger. 
The Geiger counter, in its more recent versions, is now a 
standard laboratory item. 

Geiger and Marsden found that the number of a particles 
counted depended on the scattering angle, the speed of the 
particles, and on the thickness of the foil of scattering 
material iv just the ways that Rutherford had predicted. 



Why should a particles be scattered by atoms? 

What was the basic difference between the Rutherford and the 
Thomson models of the a ton? 



19 4 Nuclear charge and size . At the time Rutherford made his 
predictions about the effect of the speed of the a uarti- 
cl? and the thickness of foil on the angle of scattering, 
there was no way independently to measure the charge Q on 
each nucleus, however, some of RuLherford's predictions 
were confirmed by scattering experiments and, as often 
happens wh^n part of a theory is confirmed, it is rea- 
sonable to proceed temporarily as if the v.'hol*^ of iiat 
theory were justified. Thus it was assumed that the 
scattering cf a particles through a given angle is pro- 
portional to the square of the nuclear charge. With 
this relation in mind,Q could be estimated. Experimental 
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Fig. 19.8 Scintillation method 
for verirying Rutherford's the- 
oretical predictions for i pir- 
ticle scattering. The whole ap- 
paratus is placed in an evacuated 
chamber so that the i p«irticies 
will not be s loved down by colli- 
sions with air molecules. 
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Fig. 10.9 A Ge:-er rounter (1928) 
It consi^ws of a metal cylinder C 
containing a gas and a thin axial 
wire A that is insulated from the 
cylinder. A potential difference 
slightly less than that needed to 
produce a discharge through the 
gas is maintained between the 
wire (anode A) and cylinder 
(cathode C) . When an ^ r article 
enters through the thin mica 
window W, it ""rees a few elec- 
trons from the gas molecules, 
leaving the Jatt^fr positively 
charged. The electrons are 
accelerated coward the anode, 
freeing more electrons along 
the way by collisions with gas 
molecules. The avalan^ne of 
electrons constitutes a sudden 
surge of current which may be 
amplified ^o produce a click in 
the loudspeaker (L;. 
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data were obtained for the scattering of different el-- 
ments. Among them were carbon, aiuninum and gold. There- 
fore, or the basis of this assumption the following nu- 
clear charges were obtained: for carbon 6c^, for aluminum 



13 or 15q^ and for gold 78 or 79q^ 
values were found for other elements. 



Similar tentative 



The magnitude of the positive charge of the nucleus was 
an important piece of information about the atom. If the 
nucleus has a positive charge of 6 q^, 13 or 14 q^, etc., 
the number of electrons surrounding the nucleus must be 6 for 
carbon, 13 or 14 for aluminum, et , since the atom as a 
whole i- electrically neutral. It was soon noticed that the 
values found for the nuclear charge were close to the atomic 
number Z, the place number of the element in the periodic 
tvble. The data seemed to indicate that each n ucleus has a 
posicive charge Q numerically equal to 2q^ . But the results 
of experiments on the scattering of a particles were not pre- 
cise enough to permit this conclusion to be made with cer- 
tainty . 

The suggestion that the number of positive charges or -he 
nucleus and also the number of electrons around the nucleus 
are equal to the atomic number Z made the picture of the 
nuclear atom clearer. The hydrogen atom (Z =• 1) has, in its 
neutral state, ono electron outside the nucleus; a helium 
atom (2 = 2) has -n its neutral state two electrons outside 
the nucleus; a uranium atom (Z = 92) has 92 electrons. This 
simple scheme was made more plausible when additional experi- 
ments showed that it was possible to produce singly ionized 
hydrogen atoms, H^, and doubly ionized helium atcn's , He^"^, 
but not H ^ or He ^, evidently because a hydrogen atom has 
on./ one electron to lose, and a hcUum atOT. only two. The 
concept of the nuclear atom provided rew insight into the 
periodic table of the elements: it suggested that the per- 
iodic table is really a listing of the eleiugnts according to 
the number of electrons around the nucleus or according to 
the n umber of positive units of charge in the nucleus . 

Additional evidence for this suggestion was provided by 
research with x rays d'jring the years 1910 to 1913. it was 
found that the elements have characteristic x-ray spectra 
as well as optical spectra. The x-ray spectra show separate 
lines against a continuous background. A young English phys- 
icist, H. G. J. Moseley (1887-1915), found that the frequsn- 
^ies of certain lines in the >:-ray spectra of the elements 
vary in a strikingly simple way with the nuclear charge Z. 
The combination of the experimental results with the Bohr 



76 



19 4 

theory of atomic structure made it possible t_o assign an 
accurate value to the nuclear charge of an element. As a 
result, Moseley established with complete certainty that the 
place number of an element in the periodic table is the same 
-as the value of the positive charge of the nucleus (in multi- 
ples of the unit electric charge) and the same as the number 
of electrons outside the nucleus. These results made it pos- 
sible to remove some of the discrepancies in Mendeleev's per- 
iodic table and to r^l^te the table in a definite way to the 
Bohr theory. 

As an ir.portant result of these scattering experiirients tne 
size of the nucleus may be estimated. Suppose an a particle 
is moving directly toward a nucleus (A, Fig. 19.6). Its ki- 
netic energy on approach is transformed into electrical po- 
tential energy. It slows down and eventually stops. The dis- 
tance of closest approach may be computed from the original 
kinetic energy of the a particle and the charges of a parti- 
cle and nucleus. It turns out to be approximately 3 x 10"^"*^. 
If the a particle is not to penetrate the nucleus, this dis- 
tance must be at least as great as the sum of the radii of a 
particle and nucleus; then the radius of the nucleus could 
not be larger than about 10" •'^m, only about 1/1000 of the 
radius of an atom.^ Thus if we consider volunies , which are 
proportional to cubes of radii, it is clear that the atom is ' 
mostly empty space. This must be so to explain the ease with 
which a particles or electrons penetrate thousands of layers 
of atoms in metal foi±s or m gases. 

Successful as this model of the nuclear atom was in explain- 
ing scattering phenomena, it raised many new questions: ,Vhat 3S 
the arrangement of electrons aoout the nucleus? What keeps the 
negative electron f^om falling into a positive nucleus by elec- 
trical attraction? How is t nucleus made up? What keeps it 
from exploding on account cf the repulsion of its positive charg- 
es? Rutherford realized the problems raised by these questions 
and the failure of his model to answer them. Additional assump- 
tions were needed to complete the model — to find answers to the 
additional questions posed about the details of atomic structure. 
The remainder of this chapter \;ill deal with the theory proposed 
by Miels Bohr, a young Danish ohysicist who joinod RuUi-^rford'i 
group just as the nuclear model was being announced. 



H.G.J. Moseley (1887-1915) uas 
co-worker with Rutherford at 
Manchester. Bohr characterized 
him as a man of extraordinary 
energy and gifts for purposeful 
experimentation. J.J. Thomson 
said he made one of the most 
brilliant discoveries ever made 
by so young a man. Ac the start 
of World War I he volunteered 
for army service, was sent to 
the Dardanelle-^ and was killed 
during the unsuccessful attack 
at Galllpoli. Rutherford wrote 
that "it is a national tragedy 
that our ciilitary organization 
at the start was so inelastic 
as to be unable, with few ex- 
ceptions, to utilize the offers 
of services for scientific men 
except as combatants on the 
firing line." In his will 
Moseley left all his apparatus 
and private wealth to the Royal 
Society to promote scientific 
research- 
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09 What is the "atomic number" of an element, according to the 
Rutherford model of the atom? 

QIC What is the greatest electric charge an ion of lithium (the 
next heaviest element after helium) could have? 
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19 5T he Bohr theory: the p ostulates. If an atom consists of a 
poblLively charged nucleus surrounded by a number of nega- 
tively charged electrons, what keeps the electrons from fall- 
ing into the nucleus — frcm being pulled m by the Coulorro 
force of attraction? One possible answer to this question 
IS that on aton may be like a planetary system with the elec- 
trons revolving in orbit? about the nucleus. Instead of the 
gravitational force, the Coulomb attractive force between the 
nucleus and an electron would supply a centripetal force that 
would tend to keep the electron m an orbit. Although this 
idea seeri^s to s*art us on the road to a theory of atomic struc- 
ture, a serious problem ;»rises concerning the stability of a 
plane-.ary atom. According to Maxwell's theory of electromag- 
netism, a charged particle radiates energy when it is accel- 
erated. ^^ow, an electron moving in an orbit around a nucleus 
is constantly being accelerated by tne centripetal force mv-/r. 
The electron, therefore, should lose energy by emitting radia- 
tion. A detailed analysis of the notion of the electron (which 
we can*^ do here because of the mathematical difficulty) shows 
that tha electron snouid be drawn closer to the nucleus. With- 
in a very short time, the electron should actually be pulled 
into the nucleus. According to classical physics — mechanics 
and electromagnetics — a planetary atom would not be stable 
for more than a small fraction of a second.. 

The idea of a planetary atom was sufficiently attractive 
that physicists continued to look for a theory that wovld 
ir:c3ude a stable planetary structure and predict discrete 
lint spectra for the elemr^nts. Bohr succeeded in corstruct- 
ing such a cheory in 1913. This theory, although it had to 
be radically modified later, showed how to attack atomic pro- 
blems by using quantum theory* In fact, Bohr showed that 
only by using quantum theory would the problem of atomic 
structure oe attacked with any hope of success. Bohr used 
the quanti i^'eas of Planck and Einstein that electromagpet ic 
energy is absorbed or emitted as discrete quanta; and that 
each quantum has o magnitude equal to Planck's constant h 
multiplied by the frsquency of the radiation. 

Bohr introducea two postulates designed to account for 
the existence of <^table electron orbits and of the discrete 
emission spectre.. These postulates may be stated as follows. 

(Ij An atomic system p^szc^^es a number of states m uhich 
no emission of radiation takes place, ever if the particles 
(electrons and ni clius) are m motion relative to each other. 
These states art^ called stationary states of the atom. 
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(2) Any emission or absorption of '-adiation, either as 
visible light or othGr elGctromagnctic radiation, will cor- 
respond to a transition between two stationary states. The 
radiation emitted or absorbed in a transition has a frequency 
f determined by the relation 

hf = E. - , 

where h is Planck's constant and E^ and E^ are the energies 
of the atom in the initial and final stationary states, re- 
spectively • 

These postulates are a combination of some ideas taken 
over from classical physics together with others in direct 
contradiction to classical physics. For example, Bohr as- 
sumed that when an atom is in one of its stationary states, 
the motions of the electrons are in accord with the laws of 
mechanics, A stationary state may be characterized by its 
energy, or by the orbits of the electrons. Thus, in the 
sinrole case of the hydrogen atom, with a single electron re- 
volving about the nucleus, a stationary state corresponds to 
the electron moving in a particular orbit and having a cer- 
tain energy, Bohr avoided the difficulty of the electron 
emitting radiation while luoving in its orbit by postulating 
that it does not emit radiation when it is in a particular 
orbit. This postulate implies that classical, Maxwellian 
electromagnetics does not apply to the motion of electrons 
in atomf ^. The emission of radiation was to be associated 
with a jump from a state with one energy (or orbit) to 
another state with a different energy (or orbit) , ^chr did 
not attempt to explain why the atom should be stable in a 
given stationary stafe. 

The first postulate has in view the general stability of 
tne atom, while the second has (chiefly) in view the exist- 
ence of spectra with sharp lines. The use of quantum theory 
enters in the second postulate, and is expressed in the 
equation hf = E^-E^, Bohr also used t^e quantum concept m 
defining the stationary states of the atom. The c^;ates are 
h-.^nly important in atomic theory so we shall look at their 
d'-flnition carefully, Fcr simplicity we consider the hydrogen 
atom, with ^ single electron revolving around the nucleus. 
The positive charge of the nucleus is given by Zq^ with Z = 1. 
We also assume , following Bchr, that the possible orbits of 
the electron are circles. The condition that the centripetal 
force is equal to the attractive Coulomb force is: 



mv^ 
r 
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In this formula, m is the mass of the electron; v is the speedy 
r is the radius of the circular orbit, that is, the distance 
of the electron from the nucleus; the nucleus is assumed to be 
stationary. The symbol k stands for a constc-^rt which depends 
on the units used;, is the magnitude of the electronic 
charge. 

The values of r and v which satisfy the centripetal force 
equation characterize the possible electron orbits. We can 
write the equation m a slightly different form by multiplying 
both sides by r and dividing both sides by v; the result is: 



mvr = k . 

V 

The quantity on the left side of this equation, which is the 
product of the momentum of the electron and the radius of 
the orbit, can also be used to characterize the orbits. 
This quantity is often used in problems of circular motion, 
and it is called the angular momentian : 

angular momentum = mvr. 

According to classical mechanics, the radius of the orbit 
could have any value and the angular momentum could also 
have any value. But \;p nave seen that under classical me- 
chanics there would be no stable orbits in the hydrogen atom. 
Since Bohr's first postulate implies that only certain orbits 
are permitted, Bohr needed a rule for which orbits were pos- 
sible. The criterion he chos^ was that only those orbits are 
permitted ^or which the angular momenta have certain dis- 
crete values. These values are defined bv the relation: 
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where h is Planck's constant, and n is a positive integer; 
that is, n= 1, 2, 3, 4, .... When the possible values of 
the angular momentur are restricted m this way, the angular 
momentum is sa:G to be quantized . The integer n which ap- 
pears m the formula, is called the quantum number . For each 
value of n there is a stationary state. 

With his tvo postulates and his choice of the pc^rmitted 
stationary states, Bohr was able to calculate additional 
properties of the static^^ry states: the radius of each 
permitted orbit, the speed of the electrc ' in the orbits, 
and the total enerc-; of the electron in the orbit; this 
energy is the energy of the stationary state. 

The resu^^'3 thr.t Bohr obtained may be surunarized in three 
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simple formulas. The radius of an orbit with quantum number 
n is given by the expression: TT>e VOluje. jbr aOfreed vy\tr\ 

ihc si^e^ of -/fie hi^drocAcr^ yncU- 
" r^^r^,cu/e ohtamed JfVamwie. hh^io 

where ri is the radius of the first orbit (the orbit fo*- 
n = 1) , and has the value 5.29 x 10""^ cm or 5.29 ^ lo"^^ m. 

The speed of the electron m the orbit with quantum number 
n IS : 



Vn = - Vj. 
n 



where v^ is the speed of the electron in the first orbit, and 
has the value 2.2 x lo^ cm/sec or 2.2 x lo^ m/sec . ('5' x {O ^ mph) 

The energy of the electron m the orbit with quantum number 
n is : 

En = Ke,, 

where Ei is the energy of the electron in the first orbit, and 
has the value -13.6 electron volts cr -21.76 ^ 10~^^ joule. 

It may seem strange to you that the energy is v;ritten with a 
negative alue. Recall that, since it is only changes in energy 
that can be measured, the zero level for energy can be defined 
in any way that is convenient.; It is customary to define the 
potential energy of an electron in the field of a nucleus so 
that it is zero at a very large (or infinite) distance from the 
nucleus. An energy of zero implies, then, that the electron is 
just free from the nucleus. Positive values of energy imply that 
the electro 1 is free of the nucleus and has kinetic energy besides. 
Negative va.ues of energy imply that the electron is bound to the 
atom; the more negative, the less the total energy. The lowest 
energy possible for an electron in a hydrogen atom is -13.6 eV, 
for which n = 1. This is called the "ground" state. 

Accordinc to the formula for r^, the first Bohr orbit has 
the smallest radius, with n = 1. Higher values of n corre- 
spond to orbits that have larger radii. Although the higher 
orbits are spaced increasinqly far apart, the force field of 
the nucleus falls off rapidly, so t-he work required to move out 
to the next orbit actually becomes smaller. Therefore the jumps 
from one energy level to the next become smaller and smaller at 
higher energies. 
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Oil What was the main evidence that an atom could exist only in 
certain energy states? 

0\2 What reason did Bohr give for the atom existing only In 
certain energy states? 
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The Nobel Prize 



Alfred Bernhard Nobel (1833- 
1896), a Swedish chemist, was 
the inventor of dynamitt . As 
a result of his studies of ex- 
plosives, Nobel found that when 
nitroglycerine (an extremely 
unstable chemical) was absorbed 
in an inert substance it could 
be used safely as an explosive. 
This combination is dynamite 
He also invented other explo- 
sives (blasting gelatin and 
balltstite) and detonators. 
Nobel was primarily Interested 
in the peaceful uses o^ explo- 
sives, such as mining, ,cad 
building and tunnel blasting, 
and he amassed a large fortune 
from the manufacture of explo- 
sives for these applications, 
Nobel abhorred war and was 
conscience-stricken by the inili- 
tary uses to which his explosives 



were put. At his death, he left 
a fund of somp $315 million to 
honor important accomplishments 
in science, liteiature and in- 
ternational understanding. 
P^'izes were established to be 
awarded each year to persons 
who have made notable contribu- 
tions in the fields of physics, 
chemistry, medicine or physi- 
ology, literature and peace. 
The first Nobel Prizes were 
awarded in 1901. Since then, 
men and women from about 30 
countries ha/e received prises. 
The Nobel Prize is generally 
considered the most prestigious 
prize in science. 
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6 The Bohr theory; the spectral series of hydrogen . Bohr could 
now use his model to derive the Balmer formula by applying his 
second postulate: the radiation emitted or absorbed in a 
transition has a frequency f determined by the relation 

hf = " * 

If n^ is the quantum number of the final state and n. is the 
quantum number of the initial state, then according to the 
formula we have 



and 
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1949 Hldekl Yuk<v« (J«p«n)— predlc t Ion of aeioni 
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rale roscope. 
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particles. 
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discovery of the antlproton. 
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1962 Lev 0. Landau (USSR)— theor les for con- 
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nucleus and eleaentsry particles. Karie 
Coeppert-Mayer (US) and J. Hans D. Jensen 
(Ger) — r uclear shell structure. 

196^ Charles Townes ( JS) , Alexander frokhorov 
and Nlkolay Basov (USSR)— develc^aent of 



1965 S. Ta»onaga (Japan), Julian Schwlnger and 
Richard Feynoan (US)— quantua electro- 
dynaaics and elewfntsry particles. 

1966 Alfred Kastler (Fr)— r w optical methods 
for studying prov<ertles of atcn. 

1967 Hans Bethe (US) — nuc'ear physlca ^.nd 
theory of energy production in the sun. 
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The frequency of radiation emitted or absorbed when the atom 
goes from the initial state to the final state is therefore 
determined by the equation 



hf = 



n. ' 
1 



Balmer 's original formula (p. 70) was written in terms of 
wavelength instead of frequency. The relation between fre- 
quency and wavelength was given in Unit 4: tahe frequency is 
equal to the speed of the wave divided by its wavelength, 

If we substitute c/X for f in the equation above, and then 
divide both sides by the constant he (Planck's constant times 
the speed of light), we obtain the equation: 



he 



n. ^ 



According to Bohr's model, then, this equation gives the 
wavelength X of the radiation that will be emitted or ab- 
sorbed when the state of a hydrogen atom changes from n^ to 
n^. How does this formula compare with Balmer 's formula? 
The Balmer formula was given on page 70 j 



n . 

1 



We see at once that the equation dorived from the Bohr 
model is exactly the same as Balmer 's formula if: 
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and 



he 



t 
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All the lines in the Balmer series simply correspond 
to transitions from various initial states (var 
ious values of n^) to the same final state, 
n^ = 2. Similarly, lines of the Lyman se 
ries correspond to transitions from var- 
ious initial states to the final state 
n^ = Ij the lines of the Paschen series 
correspond to transitions from various 
initial states to the final state 
n^ = 3, etc. (see Table 19.2). The 
general S'^heme of possible transi- 
tions is shown in Fig. 19.10. - 

The Bohr formula, for hydrogen, 
agrees exactly with the Balmer formula 
as far as the de-jendence on the numbers 
n^ and n^ is concerned. But this is no 
surprising, since Bohr constructed his 
ory in such a way as to match the known 
perimental results. Any theory which involved 
stationary states whose energy is inversely pr 
tional to the square of a quantum number n would do as 
well as this. Of course any such theory would have to rely 
some way on the idea tnat radiation is quantized and that the 
electron has stationary states in the atom. Not only did 
Bohr's model lead to correct dependence on n^ and n^, but 
more remarkably, the value of the constant came out right. 
The Rydberg constant K^, which had previously been just 
an experimentally det^nnined constant, was now shown to 
depend on the mass a*., charge of the electron, on Planck*s 
constant and on the speed of light. 

When the Bohr theory was proposed, in 1913, only the 
Balmer and Paschen series for hydrogen were known. The 
theory suc^gested that additional series should exist. The 
experimental search for these series yielded the Lyman series 
in the ultraviolet portion of the spectrum (1916) , the Brack- 
ett series (1922), and the Pfund series (1924). In each se- 
ries the measured frequencies of the lines were found to be 
those predicted by the theory. Thus, the theory not only 
correlated known information about the spectrum of hydrogen, 
but also predicted hitherto unknown series of lines in the 
spectrum. 

The scheme shown m Fig. 19.10 is useful, but it also 
has the dancer of being too specific. For instance, it 
leads us to visualize the emission of radiation m terms of 




Fig. 19.10 Possible 
tranoitions of an 
electron in the Bohr 
model of the hydrogen 
atom. 
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"3ump<3" of electrons between orbits. But wo cannot actually 
detect an electron moving m an orbic, nor can we see an 
electron "[lump" from one orbit to another, a second way of 
presenting the results of Bohr's theory was suggested, which 
yields the same facts but does not commit us too closely to 

, ^ picture of orbits. This new scheme is shown 

m Fig. 19.11. It focusses attention on the 
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series^ 



Paschen series 
series 



possible energy states, which are all given by 



the formula, E 



E|. In terms of this mathe- 



Ba Itper 
series 



Lyman 
series 



matical model , the atom is normally unexcited, 
Its energy then being Ej, or -22 • 10^^'^ joules. 
Absorption of energy can place the atoms m an 
excited state, with a larger energy. The excited 
atom is then ready to emit light with a consequent 
reduction in energy. But the ei^eiyV absorbed or 
emitted ipust always shift the energy of the atom 
to one of the values specified by the E^ formula. 
We may thus, if we wish, represent the hydrogen 
atom by means of the energy- level diagram shown 
on the left. 



Fig. 19.11 Energy-level dia- 
gram for the hydro^^en atom.- 
The energy units are lO"! ^ joules . 
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^ Balmer had predicted accurately the other spectral series in 
hydrogen thirty years before Bohr did. Why is Bohr's prediction 
considered more important? 



James Franck (1882-1946) and 
Gustav Hertz (1887- ) wor a 
Nobel Prize for their work in 
1925. In the 1930 's they both 
were dismissed from their uni- 
versity posts because they 
were of Jewish descent. Franck 
fled to the United States and 
worked on Ihe atoiric bomb dur- 
ing WorlJ War II. He tried to 
have the bomb's power demon- 
strated before an international 
group in a test instead of in 
t'lie destruction of Japanese 
cities. Hertz chose to remain 
in Germany. He survived in 
one of the concentration camps 
that were liberated by Russian 
forces in 1945. 



19.7Stationarv sta tes of atoms; the Franck-Hertz experiment . 

The success of .he Bohr theory m accounting for the spectrum 
of hydrogen raised the question: can experiments show directly 
that atoms have only certain discrete energy states? In other 
words, are there really gaps between the energies that an atom 
can have? A famous experiment in 1914, by the German Physi- 
cists Jdmes Frank and Gustav Hertz, shaved the existence of 
these discrete energy states. 

Franck and Hertz bombarded atoms with electrons (from an 
electron gun) and were able to measure the energy lost by 
electrons in collisions with atoms. They could also deter- 
mine the energy gained by atoms in these collisions. Thoi r 
work was very ingenious, but it is too complex to describe 
and interpret in detail in this course. We shall therefore 
give here a somewhat oversimplified accoi'.nt of tneir experi- 
ments . 
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In their first experiment, Franck and Hertz bombarded mer- 
cury atoms in mercury vapor contained in a chamber at very 
low pressure. Their experimental procedure was equivalent 
_ measuring the kinetic energy of electrons leaving the 

I' Ihe. 'ext^enoe of statonaru enerau states, a vttai part of Ihe Sohr WiearUy 
was eypenmefftaiu yetlfied ba Tronck and /feWz., Jri a Jtudu of ihe ^^f^f^T 
exdnoino^e^ in ccibsicns b^tw^en eiectrons and mr/ous cSbniS , ^eu -foiAnavridSi 
anltj dc^cr^ c^uarf^itXes of enerojtj could be Irans^rr&d, ^ 
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electron gun and the kinetic energy of electrons that had 
passed through the mercury vapor. The only way electrons 
could lose energy was m collisions with mercury atoms. 
Franck and Hertz found that when the kinetic energy of the 
electrons leaving the electron gun was very small, for ex- 
ample, about 1 eV, the electrons that passed through the 
mercury vapor had almost exactly the same energy as they 
had on leaving the gun. Thij result could be explained in 
the following way. A mercury atom is several hundred thou- 
sand timos more massive than an electron. At low electron 
energies the electron ^ust bounces off a mercury atom, much 
as a golf ball thrown at a bowling ball would bounce off it. 
A collision of this kind is Cc;l.ed an "elastic" collision. 
In ap elastic collision, the mercury atom (bowling ball) 
takes up only an extremely small part of the kinetic energy 
of the electron (golf ball). The electron loses practically 
none of its kinetic energy. 

When the energy of the bombarding electrons was raised 
to 5 eV. there was a dramatic change in the experiir.ental 
results. An electron that collided with a mercury atom 
lost almost exactly 4.9 electron-volts of energy. When the 
electron energy was increased to about 6 electron-volts, an 
electron still lost 4.9 electron-volts of energy in a colli- 
sion with a mercury atom. The electron had 3ust 1.1 eV of 
energy aft?r passing through the mercury vapor. These re- 
sults indicated that a mercury atom cannot accept less than 
4.9 eV of energy; and that when it is offered somewhat more, 
for example, 5 or 6 eV, it still can accept only 4.9 eV. 
This energy cannot go into kinetic energy of the mercury 
atom because of the relatively enormous mass of the atom as 
compared with that of an electron. Hence, Franck and Hertz 
concluded that the 4.9 eV of energy is added to the internal 
energy of the mercury atom — that the mercury atom has a per- 
mitted or stationary state with energy 4.9 eV greater than 
that of the lowest energy state. They also concluded that 
there is no stats with an energy in between. 

What happens to this 4.9 eV of additional internal eneigy? 
According to the Bohr theory, if the mercury atom has a state O 
with energy 4 . 9 eV greater than that of the lowest state, 
this amount of energy should be emitted in the form of elec- 
tromagnetic radiation when the atom returns to its lowest 
state. Franck and Hertz looked for this radiation with a 
spectroscope, and found it. They observed a spectrum line 

o 

at a wavelength of 2535 A, a line that was known in the emis 
sion spectrum of mercury. The wavelength corresponds to a 
frequency f that xs equivalent to an energy, hf, of 4.9 eV. 
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This result showed that the mercury atoms had indeed cair.r 
4.9 eV of energy m their collisions with the electrons. 

Later experiments showed that mercury atoms could also 
gain other, sharply defi.ned amounts of energy when bom- 
barded with electrons, for example, 6,7 eV and 10.4 eV. 
In each case radiation was emitted that corresponded to 
lines m the spectrum of mercury. Experiments have also 
been made on many other element.s besides mercury; m each 



dupUccitiyx^ ftie Tranck- 
He>rki ex-per^rne^^it (for a 
ecievxc^ -fair p^J^^y ^ 
example^) Shovidl see^ Uo^ 

Ayy^ericayx Jyx^itUte^ of f\vjSiCS^ ^^^^ analogous results were obtained. The elt jjf^ons always 
_ ^ lost energy, and the atoms always gained energy m sharply 

defined amounts. Each type of atom studied was found to 
have discrete energy states. The amounts of energy gained 
by the atoms in collisions with electrons could always be 
correlated with spectrum lines. The existence of discrete 
"permitted" or "stationary" states of atoms predicted by the 
Bohr theory of atomic spectra was thus verified direct 
experiment. This verification was '"''.isidered to n^ovide 
strong confirmation of the validity of the Bohr theory. 



/^^«4 p. 3os. l^is IS a 



'The BoWr fiooriA arxdiPit 
pe.riod('o properties of fie 
elerrteTits id<j€tPier comhinc 
-fe sug^e.^ an tmaqe of e(eo 
^f^^5 tn 1Pie (Xtbm arvuped 
if to shells and cuosh^ls 
of dlf^ererit ertergic^, TIius,' 
a phufsi'oal bMis -for 
tArtdersilAndua^ 1}^?C periodic 
prope^fiies ( cheynicoi and 
phf^Sicol) cf efervieitfts resulteid 
fr^w 'Bokr's WcTrk. 



How much kinetic energy will an electron have after a colli- 
sion with a mercury atom if kinetic energy before collision 
is (a) 4.0 eV? (b) 5.0 eV? J -'.0 eV? 



1^15 /'niproveol iPie 3ckr 
Cftbmio nnodei htj irftroducihcj 
et'ptical ^rhits Soasib ahvr 
rriore J^reecfom tn ckooeina 
it^e" perrrxtiBd* orbJts.lh^^ 
e^cceritrtcAtu of ii<ie elhpBe 
was also (\/AainiTied and 
^soci^t^ with arxdher 
c^uayium number. 



l9.8 Tho periodic table of the elements . In the Rutherford-Bohr 
model, the atoms of the differcint elements diffe^ in the 
charge and mass of the nucleus, and in the nuntber and ar- 
rangoment of the electrons about the nucleus. As for the 
arrangement of the electrons, Bohr came to picture the eiec- 
tronic orbits as on the nex*: page, though not as a series of 
concentric rings in one plane but as tracing o'Jt patterni=^ 
in three dimensions. For example, the orbits of the two 
electrons of iie in the normal state are indicated as cir - 
cles in planes inclined at about 60^ with respect to each 
other. In addition to circular orbits, elliptical ones 
with the nucleus at one focus are also possible. 

Bohr found a way of correlating his model with the peri- 
ooic table of the elements and the periodic law. He sug- 
gested that the chemical and physical properties of an 
elernent depend on how the electrons are arranged around 
the nucleus. He also indicated how this might come about. 
He regarde^J the electrons in an atom as grouped into shells. 
Each shell can contain not more than a certain number of 
electrons. The chemical propertjies are related to how near- 
ly full or empty a shell is. For example, full shells are 
associated with chemical stability, and in the m, gases 
the electron shells are completely filled. 
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To relate the Bohr model of atoms with their chemical 
properties we may begin with the observation that th*3 ele- 
ments hydrogen (Z = 1) and lithium (Z = 3) are somewhat 
alike chemically. Both have valences of 1. Both enter 
into compounds of analogous types, for example hydrogen 
chloride, HCl , and lithium chloride, LiCl . Furthermore, 
there are some similarities in their spectra. All this 
suggests that the lithixim atom resembles the hydrogen atom 
in some iir. >ortant respects. Bohr conjectured that two of 
the three electrons of the lithium atom are relatively close 
to the nucleus, in orbits like those pertinent to the helium 
atom, while the third is in a circular or elliptical orbit 
outside the inner system. Since this inner system consists 
of a nucleus of charge (+) 3q^ and two electrons each of 
charge (-) q^, its net charge is (+) q^. Thus the lithium 
atom may be roughly pictured as having a central core of 
charge (+) q^, around hich one electron revolves, somewhat 
as for a hydrogen atom. 

Helium (Z =2) is a chemically inert element, belonging 
to the family of noble gasos. So far no one has been able 
to form compounds from it. These properties indicated tnat 
the helium atom is highly stable, having both of its elec- 
trons closely bound to the nucleus. It seemed sensible to 
regard both electrons as moving in the same innermost shell 
around the nucleus when the atom is unexcited. Moreover, 
because of the stability and the chemical inertness of the 
helium atom, w3 may reasonably assume that this shell cannot 
accommodate more than two electrons. This shell is called 
the K-shell . The single electron of hydrogen is also said 
to be in the K-shell when the atom is unexcited. For lithium, 
two electrons are in the K-shell, filling it to capacity, and 
the third electron starts a new one, called the L-shell. To 
tnis single outlying and loosely bound electron must be 
ascribed the strong chemical affinity of lithium for oxygen, 
chlorine and many other elements. 

Sodi im (Z = 11) is the next element in the periodic table 
that has chemical properties -similar to those of hydrogen 
and lithium, and this suggests that the sodium atom also is 
hydrogen-like in having a central core about which on elec- 
tron revolves. Moreover, just as lithium follows helium in 
the periodic table, so does sodium follow another noble gas, 
neon (Z = 10) . For the neon atom, we may assume that 2 of 
iwS 10 electrons are in the first (K) shell, and that the 
remaining 8 electrons are in the second (L) shell. Because 
of the great chemical inertness and stability of neon, these 
8 electrons may be expected to fill the L-shell to capacity. 



The sketches below are based 
on diaprams Bohr used in his 
university lectures. 
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These two p ige3 will be easier 
CO :;tudy if you refer to the 
t iblo of tl^e elements .md the 
piiiodic Cible in Chapter 18. 



Noout half cf( dentents can 
he clAbS^ted info eiaHt weJli- 
defined fQjVirfrc^*The v^cwowiinfl 
e/eme^fe, wJiicia ou^e not 
iyiduded iVi lihese ^igftt -fbrtiilies, 
are all nt^lUc in dnarac^r. 



For sodium, then, the eleventh electron must be in a third 
shell, which is called the M-shell. Passing on to potassium 
iZ = 19), the next alkali metal in the periodic table, we 
again have the picture of an inner core and a single elec- 
tron outside it. The core consists of a nucleus with charge 
(+> 19q^ and 2, 8, and 8 electrons occupying the K- L- , and 
M-shells, respectively. The 19th electron revolves around 
the core in a fourth shell, called the N-shell. The atom 
of the noble gas, argon with Z = 18 just before potassium 
in the periodic table, again represents a distribution of 
electrons in a tight and stable pattern, with 2 in the 
8 in the L- , and 8 in the M-shell. 

These qualitative considerations have led us to a consist- 
ent picture of electrons in groups, or shells, around the 
nucleus. The arrangement of electrons m the noble gases 
can be taken to be particularly stable, and each time we 
encounter a new alkali metal in Group I of the periodic table, 
a new shell is started with a single electron around a core 
which resembles the pattern for the preceding noble gas. We 
may expect that this outlying electron will easily come 
loose under the attraction of neighboring atoms, and this 
corresponds with the facts. The elements lithium, scdium 
and potassium belong to the group of alkali metals. In 
compounds or in solution (as in electrolysis) they may be 
considered to be in the form of ions such as Li^, Na^ and 
K^, each with one positive net charge (+)qg. In the atoms 
of these elements, the outer ele::tron is relatively free to 
move about. This property has been used as the basis of a 
theory of electrical conductivity. According to this theory, 
a good conductor has many "free" electrons which can form a 
current under appropriate conditions. A poor conductor has 
relatively few "free" electrons. The alkali metals are all 
good conductors. Elements whose electron shells are filled 
are very poor conductors because they have no "free" elec- 
trons . 

Turning now to Group II of the periodic table, we would 
expect those elements that follow immediately after the 
alkali metals to have atoms with two outlying electrons. 
For example, beryllium (Z = 4) should have 2 electrons in 
the K-shell, thus filling it, and 2 in the L-shell. If the 
atoms of all these elements have two outlying electrons, 
they should be chemically similar, as indeed they are. Thus, 
calcium and magnesium, which belong to this group, should 
easily form ions such as Ca"^"^ and Mg"*"^, each with two posi- 
tive charges, (+)2q^, and this is also found to be true. 
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Oinvtounc^ if^B prunaple 'arxu qt^n quarXtMrx orkkt in on 
ctotm corx be occup\e^ htj no ntorm^lhan tM> eiedtroi^>^-^ 
As a final example, consider those elements that immedi- 
ately precede the noble gases in the periodic table. For 
example, fluorine atoms (Z = 9) should have 2 electrons 
filling the K-shell but only 7 electrons in the L-shell, 
which is one less than enough to fill it. If a fluorine 
atom should capture an additional electron, it should be- 
come an ion F with one negative charge. The L-shell would 
tnen be filled, as it is for neutral neon (Z = 10) , and thus 
we would expect the F ion to be stable. This prediction is 
in accord with observation. Indeed, all the elements imme- 
diately preceding the inert gases in the periodic table tend 
to form stable singly charged negative ions in solution. In 
the solid state, we would expect these elements to be lack- 
ing in free electrons, and all of them are in fact poor con- 
ductors of electricity. 

Altogether there are seven main shells, K, L, M, ... Q, 
and further analysis shows that all but the first are divided 
into subsliells > Thus the first shell K is one shell with- 
out substructure, the second shell L consists of two sul>- 
shells, and so on. The first subshell in any shell can al- 
ways hold up to 2 electrons, the second up to 6, the third 
up to 10, the fourth up to 14, and so on. Electrons that 
are in different subsections of the same shell in general 
differ very little in energy as compared with electrons that 
are in different shells. For all 
the elements up to and including 
argon (Z = 18) , the buildup of 
electrons proceeds quite simply. 
Thus the argon atom has 2 elec- 
trons in the K-shell, 8 in the 
L-shell, then 2 in the first M- 
subshell and 6 in the second M- 
subshe3.1 . But after argon, 
there may be electrons in an 
outer shell before an inner one 
is filljd. This complicates 
the sc'ieme somewhat but still 
allc,7S it to be con'^istent. 
The arrangement of the elec- 
trons in any unexcited atom is 
always the one that provides 
greatest stability for the 
whole atom. According to this 
model, chemical phenomena gen- 
erally involve only the outer- 
most electrons of the atoms. 



iPit^ was ^called Ihe^exclusion 
priyxcipie* by fiKudi hrnself. He 
was led 1b His pnirxapl^ Hhrouoj^ 
the dCi/diA atomic Spectra. 
2i was-^Uhlehh^ and Qovd- 
entity about run^ mci4hs 
laier whc iyitroduced a {cutik 
quarmm yxwmber ccSed Ifie 
Bleotron spin quantum number 
'6 * s Slerrt asrrd Qeylach demon- 
slhoTed 1pte e^a^nce of 

exf^triment in l9fL(. 



It^ese dlppere^ subs^eils are 
assoo'ic^SJed Wrftt "rt^. quantum 
number assoaated wfth Som- 
merf aid's e/dp^ftcaf orb'ik.'J}. 
Cha^r So y tf^oiA can he re^- 

IFie BuhehetLs in a main shell 
are. desi^ndied Ok mcveasinoj 




Relative energy levels 
of electron states in 
atoms. Each circle 
represents a state 
which can be occupied 
by 2 electrons. 



SG 19.14 
SG 19.15 
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Bohr carried through a co.nplete analysis along these lines 
and, in 1921, proposed the form of the periodic table shown 
in Fig. 19.12. This table was the result of physical theory 
and offered a fundamental physical basis for understanc^^ng 
chemistry. This was another triumph of the Bohr tneory. 

Period 
VII 

87 

88 Ra 

89 Ac 

/ / / D 90 Th 

PeDod Period //// (59 Pr 91 Pa 

IV' V / / / 860 NH 92 u 



Fig. 19.12 Bohr's periodic table of the 
elements (1921). Some of the names and 
symbols have since been changed. Masurium 
(43) is now called Technetium (43) Illinium 
(61) is Promethium (61), and Niton (86) is 
Radon (86). The symbol for Samarium (62) 
is now Sm and the symbol for Thulium (69) 
is Tm. 





Q15 Why do the next heavier elements after the noble gbzza 
easily become positively charged? 
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accoiAri!ea for montj of me 
physical and chemical pro- 
yperXxes of /fte elemertjSy it 
had VniitciXdn^ amd 
sWortcVYnirx<^s. K\e "Bohr 
^.eort^ was <K hiAhrid^a 
m'lJ^ur^ of dastical (W 

\€ori^^ based furu^amcn- 
iMi^ on (MOAtum concepts, 
was needed. 



,3 The failure of the Bohr theory and the state of atomic theory 
in the early 1920's . In spite of the successes achieved with 
the Bohr theory in the years between 1913 and 1924, serious 
problems arose for which the theory proved inadequate. Al- 
though the Bohr theory accounted for the spec^.ra of atoms 
with a single electron in the outermost shell, serious dis- 
crepancies between theory and experiment appeared in the 
spectra of atoms with two electrons in the outermost shell. 
Indeed the theory could not account in any satisfactory way 
for the spectra of elements whose atoms have more than one 
electron in the outermost shell. It was also found experi- 
mentally that when a sample of an element Is in an electric 
or magnetic field, its emission spectrum snows additional 
lines. For example, in a magnetic field each line is split 
into several lines. The Bohr theory coulc: not account in 
a quantitative way for the observed splitr:ing. Further, the 
theory supplied no method for predicting the relative inten- 
sities of spectral lines. These intensities depend on the 
nximbers of atoms in a sample that undergo transitions among 



ViArtna {/^/orld War IT ^ (diets' Bohr had -to flee 
lohorSton^ Venrrt^rk. Iwo of His coUeoj^ues ojcx^ 
hnx Vneitr OfolcA HcheX Fnz-e medoic , \y^\d^ f^e 
dxssolved iyy J^r acid a^d left m hs office 
3elie\/in^ Irx tf^e co^serv^tiOfx nui(tcr ^ he was 
ceiridu\a It^at tfne acid wouid owlu dissolve Hae 
Opid ayid he knew ipy^T Ifte NoczCs woodd yiey/er 
suspect -Vhe jar of acid to he wlaaide . W^^r Ke 
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Niels Bohr (1885-1962) was born in 
Copenhagen, Denmark and was educated 
there, receiving his doctor's degree* 
in physics in 1911. In 1912 he w:.s 
at work in Rutherford's laboratory 
in Manchester, England, which was a 
center of research on radioactivity 
and atomic structure. Here he de- 
veloped his theory of atomic struc- 
ture and atomic spectra. Bohr played 
an important part in the development 
of quantum mechanics, in the advance- 
ment of nuclear physics, and in the 
study of the philosophical aspects of 
modern physics. In his later years 
he devot.^,d much time to promoting the 
peaceful uses of atomic and nuclear 
physics. 



Zljri addtiCYx ib ipie Hdod fh'ze , tohr was oiven 
f\e ^rgt fi^toms -for feace Kwo^rd^ IK !k7S.0oo 



Sohr -fekrna His Wife for a 
Ylde iPtc. fholora^de 

was owned bi^ C\toro^ Qomow. 
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See "The Sea-Captain's Box" 
in Project ?hysics Reader 5 . 



In March 1913, Bohr wrote to 
Rutherford enclosing a draft of 
his first paper on the quantum 
theory of atomic constitution. 
On March 20, 1913, Rutherford 
replied in a letter, the first 
part of which we quote, 
"Dear Dr. Bohr: 

I have received your paper 
safely and read it with great 
interest, but I want to look 
it over again carefully when 
I have more leisure. Your 
ideas as to the mode of 
origin of spectra in hydrogen 
are very ingenious and seem 
to work out well; but the 
mixture of Planck's ideas 
with the old mechanics mak^s 
it very difficult to form a 
physical idea of what ib the 
basis of it. there appears 
to me one grave difficulty in 
your hypothesis, which I have 
no doubt you fully realize, 
namely, how does an electron 
decide what frequency it is 
going to vibrate at when it 
parses from one stationary 
state to the other. It 
seems to me that you would 
have to assume that the elec- 
tron knows beforehand where 
it is going to stop...." 
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the stationary states. Physicists wanted to be able to cal- 
culate the probability of a transition from one stationary 
state to another. They could not make such calculations with 
the Bohr theory. 

By the early l£20's it had become clear that the Bohr 
theory, despite its great successes, had deficiencies and 
outright failures. It was understood that the theory would 
have to be revised, or replaced by a new one. The successes 
of the Bohr theory showed that a better theory of atomic 
structure would have to account for the existence of sta- 
tionary states — discrete atomic levels — and would, there- 
fore, have to be based on quantum concepts. Besides -•■he 
inability to predict certain properties at all, the Bohr 
theory had two additional shortcomings: it predicted some 
results that disagreed with experiment; and it predicted 
others that could not be tested in any known way. Of the 
former kind were predictions about the spectra of elements 
with two or three electrons in the outermost electron shells. 
Of the latter kind were predictions of the details of elec- 
tron orbits. Details of this latter type could not be ob- 
served directly, nor could they be related to any observable 
properties of atoms such as the lines in the emission spec- 
trum. Planetary theory has very different implications when 
applied to a planet revolving around the sun, and when ap- 
plied to an electron in an atom. The precise position of a 
planet is important, especially if we want to do experiments 
such as photographing the surface of the moon or of Mars 
from a satellite. Bu*: tne calculation of the position of an 
electron in an orbit is neither useful nor interesting be- 
cause it has no relation to any experiment physicists have 
been able to devise. It thus became evident that, in using 
the Bohr theory, physicists were asking some questions which 
could not be answered experimentally. 

In the early 1920's, physicists began to think seriously 
about what could be wrong with the basic ideas of the theory. 
One fact that stood out was that the theory started with a 
mixture of classical and quantum ideas. An atom wa^ assumed 
to act in accordance with the laws of classical physics up 
to the point where these laws didn't work; then the quantum 
ideas were introduced. The picture of the atom that emerged 
from this mixture was an inconsistent combination of ideas 
from classical physics and concepts for which there was no 
place in classical physics. The orbits of the electrons 
were determined by the classical, Newtonian laws of motion. 
But of the many possible orbits, only a small fraction were 
regarded as possible, and these were assigned by rules that 
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contradicted classical mechanics. it became evident that a 
better theory of atomic structure would have to have a more 
consistent foundation and that the quantum concepts would 
have to be fundamental, rather than secondary. 

The contribution of the Bohr theory may be summarized as 
follows. It provided partial answers to the questions raised 
about atomic structure in Chapters 17 and 18. Although the 
theory turned out to be inadequate it supplied clues to the 
way in which quantum concepts should be used. It indicated 
the path that a new tneory would have to take. A new theory 
wojld have to supply the right answers that the Bohr theory 
gave and would also have to supply the right answers for 
the problems the Bohr theory couldn't solve. A successful 
theory of atomic structure has been developed and has been 
generally accepted by physicists. it is called "quantum SG 19 16 

mechanics" because it is built directly on the foundation of SG 19.17 
quantum concepts; it will be discussed in the next chapter. SG 19 18 



Q16 The Bohr model of atoms is widely given in science books 
What is wrong with it? 
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19.1 (a) Suggest experiments to show which of the Fraunhofer 
lines in the spectrun of sunlight are due to absorption in 
the sun's atmosphere rather than to absorption by gases in 
the earth's atmosphere. cUscuSSicrt 

(b) How might one decide from spectroscopic observations 
whetner the moon and the planets shine by their own light 
or by reflected light from the sun? dtSOiSSion 

19.2 Theoretically, how many series of lines are there in 

the emission spectrum of hydrogen? In all these series, infinite 
how many lines are in the visible region? ^ov*r 

19.3 The Rydberg constant for hydrogen, Rjj, has the value Kl* 8 > - 38'y^>^ 
1.097 X 107/m. Calculate the wavelengths of the lines in /O ,^ = M 
the Balmer series corresponding to n = 8, n = 10, n = 12, yi*\^ ,ri s37^<7 K 
Compare the values you get with the wavelengths listed in 

Table 19.1. Do you see any trend in the values? 

19.4 (a) As indicated in Fig. 19.5 the lines in one of 
hydrogen's spectral series are bunched very closely at 

one end. Does the formula y = Rjj \ ~ "^^l sugge 
that such bunching will occur? '-"f "i J 

(b) The series limit must correspond to the last pos- 
sible line(s) of the series. What value should be taken 
for ttjL in the above equation to compute the wavelength of 
the series limit? yi'^ ^ 

(c) Compute "he series limit for the Lyman, Baimer and 
Paschen series of hydrogen. c^{0 ^ 3^4^ %j*g\^0 respeotiveXi^ 

(d) Consider a photon with «i wavelength t rresponding 
to the series limit of the Lyman series. What energy would 
it carry? Express the answer in joules and in electron- 
volts (1 eV = 1.6 X 10-^^ J), ^/.^yxic-^^'j t>K i^.G eV 

19.5 In what ways do the Thomson and Rutherford atomic models 
agree? In what ways do they disagree? Ji^ciiSfftan 

19.6 In 1903, the German physicist, Philipp Lenard (1864-1947), 
proposed an atomic model different from those of Thomson and 
Rutherford. He had observed that, since cathode-ray particles 
can penetrate matter, most of the atomic volume m.ist offer 
no obstacle to their penetration. In Lenard' s moael there 
were no electrons and no positive charges separate from the 
electrons. His atom was made up of particles called dynamides , 
each of which was an electric doublet possessing mass. (An 
electric doublet is a combination of a positive charge and a 
negative chaige very close together.) All the dynamides were 
supposed to be identical, and an atom contained as many of 
them as were needed to make up its mass. They were distribu- 
ted thioughout the volume of the atom, but their radius was 
so small compared with that of the atom that most of the atom 
was actually empty. ^^^cusst'on 

(a) 111 what ways does Lenard* s model agree with those of 
Thomson and Rutherford? In what ways does it dis- 
agree with those models? 

(b) Why would you not expect a particles to be scattered 
through large angles if Lenard* s model were valid? 



19.7 In a recently published book the author expresses the 
view that physicists have interpreted the results of the 
experiments on the scattering of a particles incorrectly* 
He thinks that the experiments show only that atoms are 
very small, not that they have a heavy, positively . 
charged nucleus. Do you agree with his view? Why? diSCUSStCin 



19.8 Suppose that the atom and the nucleus are each^spher Jcal, ^ v-^^^^.-^ 
that the diameter of the atcm is of the order of 1 A (Angstrom '^i^^^<^'i-t^^ 'ii^^^^ 
unit) and that the diameter of the nucleus is of the order of ^^^•.^^^^M^^*?*^^' 'K' 
10* 12 cm. What is the ratio of the diameter of the nucleus 
to that of the atom? 

19.9 The nucleus of the hydrogen atom is thought to have a 
radius of about 1.5 ^ 10' ^^cm. If the nucleus were magnified 
to 0.1 mm (the radius of a grain of dust), how far away from 
it would the electron be in the Bohr orbit closest to it? 

5. 5" in 

19.10 In 1903 a philosopher wrote, 

The propounders of the atomic view of electricty 
[disagree with theories which] would restrict the 
method of science to the use of only such quanti- 
ties and data as can be actually seen and directly 
measured, and which condCifln the introduction of 
such useful conceptions as the atom and the elec- 
tron, which cannot be directly seen and can only 
be measured by indirect processes. 

On the basis of the information now available to you, with 
which view do you agree; the view of those who think in terms 
of atoms and electrons, or the view that we must use only such 
things as can be actually seen and measured? 

19.11 How would you account for the production of the lines in 
the absorption spectrum of hydrogen by using the Bohr theory? 

-A discussion 

19.12 Many substances emit visible radiation when illuminated 
with ultraviolet light; this phenomenon is an example of 
fluorescence. Stokes, a British physicist of the nineteenth 
century, found that in fluorescence the wavelength of the 
emitted light usually was the same or longer than the illu- 
minating light. How would you account for this phenomenon 
on the basis of the Bohr theory? 

dtscMSSiorx 

19.13 In Query 31 of his Opticks , Newton wrote: 

All these things being considered, it seems 
probable to me that God in the beginning formed 
matter in solid, massy, hard, impenetrable, 
moveable particles, of such sizes and figures, 
and with such other properties, and in such propor- 
tion to space, as most conduced to the end for which 
he formed them; and tha these primitive particles 
being solids, are incomparably harder than any 
porous bodies compounded of them; even so very hard, 
as never to wear or break in pieces; no ordinsiry 
power being able to divide what God himself made 
one in the first creation. While the particles 
continue entire, they may compose bodies of one 
and the same nature and texture in all ages: But 
should they wear away, or break in pieces, the 
nature of things depending on them would be changed. 
Water and earth, composed of old worn particles and 
fragments of particles, would not be of the same 
nature and texture now, with water and earth 
composed of entire particles in the beginning. 
And therefore, that nature may be lasting, the 
changes of corporeal things are to be placed only 
in the various separations and new associations 
and motions of these permanent particles; com- 
pound bodies being apt to break, not in the midst 
of solid particles, but where those particles 
are laid together, and only touch in a few points. 
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Compare what Newton says here about atoms with ^tscussion 

a) the views attributed to Leucippus and Democri::us 
concerning atotas (see the prologue to this ur it) ; 

b) Dal ton's assun^tions about atoms (see the end of' 
the prologue to this unit); 

c) the Rutherford-Bohr model of the atom. 

19.14Use the chart on p. 91 to explain why atoms of potassium 
(Z = 19) have electrons in Che N shell even though the M shell 
isn't filled. d\SCa9S\on 

19.15 Uee the chart on p. 91 to predict the atomic number of 
the next inert gas after argon. That is, imagine filling the 
election levels with pairs of electrons until you reach an 
appaiently stable, or complete, pattern. 

Do the same for the next inert gas. 

19.16Make up a glossary, with definitions, of terms which 
appeared for the first time in this chapter. cllSCUffSJOn 

19.T7The philosopher John Locke (1632-1704) proposed a science 
of human nature which was strongly influenced by Newton's 
physics. In Locke's anomistic view, elementary ideas are 
produced by elementary sensory experiences and then drift, 
collide and interact in the mind. Thus the association of 
ideas was but a specialized case of the universal interactions 
of particles. ^^sCUSSion 

Does such an "atomistic" approach to the problem of human 
nature seem reasonable to you? What argument for a.id against 
this sort of theory can you think of? 

19.18 In a recently published textbook of physics, the follow- 
ing statement is made: 

Arbitrary though Bohr's new postulate way seem, it 
was just one more step in the process by which the 
apparently continuous macroscopic world was being 
analyzed in terms of a discontinuous, quantized, 
microscopic world. Although the Greeks had specu- 
lated about quantized matter (atoms), it remained 
for the chemists and physicists of the nineteenth 
century to give them reality. In 1900 Planck 
found it necessary to quantize the energy of the 
atomic-sized oscillators responsible for blackbody 
radiation. In 1905 Einstein quantized the energy 
of electromagnetic waves. Also, in the early 1900's 
a series of experiments culminat .ng in Millikan*s 
oil-drop experiment conclusively showed that electric 
charge was quantized. To this list of quantized 
entities, Bohr added angular momentum. 

a) What other properties or things in physics can you 

think of that are "quantized?" diSCMS^^YX 

b) What properties or things can you think of outside 
physicc that might be said to be "quantized?" 




This sculpture is meant to represent the arrangement of 
Sodium and chlorine ions in a crystal of common salt* 
Notice that the outermost electrons of the sodium atoms 
have been lost to the chlorine atoms, leaving sodium ions 
with completed K and I shells and chlorine ions with 
completed K,, L and M shells. 
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Chapter 20 Some Ideas From Modern Physical Theories 



section p^g^ 

^0-1 Some results of relativity theory loO 

202 Particle-like behavior of radjation 106 

20-3 Wave-like behavior of matter iqq 

20-^ Quantum mecharics no 

^^•^ Quantum mechanics - the uncertainty -15 
principle 

2^-^ Quantum mechanics - probability inter- 118 
pretation 



''TPtus cyrew ithe tale of wondeAand • 
Xts qudini events weme hommeryzci cut— 



The diffraction pattern on the 'left was made by a beam of x rays passing 
through thin alumnium foil. The diffraction pattern on the right was made 
by a beam of electrons passing through the same foil. 
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20.1 

20.1 Some results of relativity theory - Progress in atomic 
and nuclear physics has been based on two great revolu- 
tions in physical thought: quantum theory and relativ- 
ity. In Chapters 18 and 19 we saw how quantum theory 
entered into atomic physics. The further development of 
quantum theory, quantum mechanics , will be the main sub- 
ject of this chapter. But we cannot get into quantum 
mechanics without learning something about relativity. 
Some of the results of the relativity theory are needed 
to understand certain phenomena of atomic physics which 
are basic to quantum mechanics. These results will also 
be essential .to our treatment of nuclear physics in Unit 
6. We shall, therefore, devote this section to a brief 
discussion of the theory of relativity, introduced by 
Einstein in 1905 — the same year in which he published 
the theory of the photoelectric effect. 

The theory of relativity ties together ideas and ex- 
perimental information that have been touched on earlier 
m this course. One important piece of information in- 
volves the speed of light. Measurements showed a re- 
markable and surprising result: the speed of light in 
vacuum (free space) is independent of any motion of the 
source of the light or of the person making the measure- 
ment. The result is always the same, 3.0 ^ 10® m/sec, 
regardless of whether the measurer is stationary in his 
laboratory or is traveling at high speed; or whether the 
source of light is stationary or moving with respect to "Jfi^ 
the observer. Although the result may appear strange, 
it has been confirmed by many independent experiments. 



I. TPie s^cxW ^eaoA of rBfatwttj 
based ayziwo f)o^lateG . Whilg; 

Ih&r c^rtsecfuenc^^ are most 

5. MasSy which is /m/aK(anr f^t 
He\Nlib¥uay\ m^dkaioxc^^ is pre- 
dieted ^& incnsaSc w'tttx speeol. 
^^^jpenmer€all{^^ it dees inaneos^ 
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iHtenavc iacnx^ and iwveSftoofoVt 
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Einstein combined the constancy of the speed of light 
in vacuum with a basic philosophical idea about the role 
of reference frames (discussed in Unit 1) in physical 
theory. He postulated that all reference frames that 
move with uniform velocity relative to each other are 
equivalents no one of these frames is preferable to any 
other. This means that the laws of physics must be the 

same in all such reference frames. Another way of saying f4orie^ e>eperirnenC /V^tforied Irt 

this is that the law of physics are invariant winh respactUnit 
to uniform motion, that is, they are not affected by uni- 
form motion. It would be very inconvenient if this were 

not the case: for example, if Newton's laws of motion did "Tpie ttvWnaHc^ of Mfl^rtvctfs 
not hold in a train moving at constant speed relative to BiedratrtiXynetld ecfuailons WW 
the surface of the earth. orxe of if^ Initial prdbfem^ OYOUrvi 

vMicW Ein^ia de^/elopeci specia( 

The combination of the idea of invariance with the con- Y^lativihl, 
stancy of the speed of light led Einstein to many remarkable 
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See "Mr Tompkins and Simul- 
taneity" in Project Physics 
Reader 5 . 
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results concerning our ideas of space and time, and to mod- 
ifications of Newtonian mechanics. We cannot here go through 
the details of Einstein *s work because too much time would 
be needed. We can, however, state some of the theoretical 
results he obtained and see if they agree with experiment. 
It is, after all, the comparison between theory and experi- 
ment which is a chief test of the relativity theory, as it 
is with any other theory in physics. 

The most striking results of the relativity theory appear 
for bodies moving at very high speeds, that is, at speeds 
that are not negligible compared to the speed of light. 
For bodies moving at speeds small compared to the speed 
of light, relativity theory yields the same results as 
Newtonian mechanics as nearly as we can measure. This must 
be the case because we know that Newton's laws account 
very well for the motion of the bodies with which we are 
familiar in ordinary life. We shall, therefore, look for 
differences between relativistic mechanics and Newtor. an 
mechanics in experiments involving high-speed particles. 
For the purposes of this course the differences are pre- 
sented as deviations from classical physics and in the 
-language of classical physics. Relativity involves, how- 
ever, a large shift in viewpoint and in ways of talking 
about physics. 

We saw in Sec. 18.2 that J. J. Thomson devised a method 
for determining the speed v and the ratio of charge to 
mass q^/m for electrons. Not long after the discovery of 
the electron by Thomson it was found that the value of q /m 
was not really constant, but varies with the speed of the 
electrons. Several physicists found, between 1900 and 1910, 
that electrons have the value q^/m = 1.76 x 10 coul/kg 
only for speeds that are very small compared to the speed 
of light; the ratio has smaller values for electrons with 
greater speeds. The relativity theory offered an explana- 
tion for th£;se results. According to the theory of rela- 
tivity, the electron charge does not depend on the speed 
of the electrons; but the mass of an electron should vary 
with speed, increasing according to the formula 



m 

See "Mathematics and Rela- ^ . 

tivity" in Project Physics /l - v^/c^ 

Reader 5 . 

In this formula, v is the speed of the electron, c is the 
speed of light in vacuum and m^ is the rest mass , the 
electron mass when the electron is not moving, that is, 
when V = 0. More precisely, is the mass of the electron 
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when it is at rest with respect to an observer, to the 
person doing the experiment; m is the mass of the electron 
measured while it moves with speed v relative to the 
observer. We may call m the relativistic mass. It is 
the mass determined, for example, by means of J. J. 
Thom son ' s me thod . 

The ratio of relativistic mass to rest mass, m/m^, 
which is equal to v^/ , is listed in Table 

20.1 for values of v/c v;hich approach unity. The value 
of ni/m^ becomes very large as v approaches c. 
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See "Relativity" in Project 
Physics Reader 5 . 



Table 20.1 


The Relativistic 


Increase of Mass 


with Spe 


v/c 


ir./m^ 


v/c 


m/m^ 


0.0 


1.000 


0 95 


3.203 


0.01 


1.000 


0.98 


5.025 


0.10 


1.005 


0.99 


7.089 


0.50 


1.155 


0.998 


15.82 


0-75 


1.538 


0.999 


22.37 


0.80 


1.667 


0.9999 


70.72 


0.90 


2.294 


0.99999 


223.6 



See "Parable of the Sur- 
veyors" in Project Physics 
Reader 5 . 



See "Outside and Inside the 
Elevator" in Project Physics 
Reader 5 . 



The formula for the relativistic mass has been tested 

experimentally; some of the earlier results, foi electrons 

with speeds so high that the value of v reaches about 

0.8 c, are shown in 

the graph at the right. 

At that value of v 

the relativistic mass 

m is about 1.7 times 

the rest mass m . 

o 

The curve shows the 
theoretical variation 
of m as the value of 
V increases, and the 
dots and crosses are 
results from two dif- 
ferent experiments. 
The agreement of ex- 
periment and theory is 
excellent. The in- 
crease in mass with 
speed accounts for 
the shrinking of the 
ratio q^/m with speed, 
which was mentioned 
earlier. 
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20.1 

The theory of relativity says that the formula for varia- 
tion of mass IS valid for all moving bodies, not just 
electrons and other atomic particles. But larger bodies, 
such as those with which we are familiar in everyday life, 
move with speeds so small compared to that of light that the 
value of v/c is very small. The value of v^/c^ is then 
extremely small, and the values of m and m^ are so nearly 
the same that we cannot tell them apart. In other words, 
the relativistic increase in mass can be detected only for 
particles of sub-atomic size, which can move at very high 
speeds . 

The effects discussed so far are mainly of historical 
interest because they helped convince physicists of the 
correctness of relativity theory. Experiments done more 
recently provide even more striking evidence of the break- 
down of Newtonian physics for particles with very high 
speeds. Electrons can be given very high energies by 
accelerating them by means of a high voltage v. Since 

the electron charge is known, the energy increase, q v 

e ' 

is known. The rest mass m^ of an electron is also known 
(see Sec. 18.3) and the speed v can be measured. It is, 
therefore, possible to compare the values of the energy 
q^V with hm^v^. When experiments of this kind are done, it 
is found -that when the electrons have speeds that are small 



compared to the speed of light, Jjm^v^ = q^v. We used this 
relation in discussing the photoelectric effect. We could 
do so because photoelectrons do, indeed, have small speeds 
and m and m^ are very nearly identical for them. But, when 
the speed of the electron becomes large so that v/c is no 
longer small compared to 1.0, it is found that Jjm^v^ does 
not increase in proportion to q^V; the discrepancy increases 
as q^V increases. The increase in kinetic energy still 
equals the amount of elect;rical work done, q^v, but some of 
the energy increase becomes measurable as the increase in 
mass instead of a marked increase in speed. The value of v^ , 
instead of steadily increasing with kinetic energy, approaches 
a limiting value: c^ . 

In the Cambridge Electron Accelerator (CEA) operated in 
Cambridge, Massachusetts, by Harvard University and the 
Massachusetts Institute of Technology, electrons are accel- 
erated in many steps to an energy which is equivalent to 
what they would gain ir Seing accelerated by a potential dif- 
ference of 6 X 10^ volts — an enormous energy for electrons. 
(Unit 6 deals further with accelerators, and the operation 
of the CPA apparatus is also the subject of a movie 
"Synchrotron".) The speed attained by the electrons is 
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V = 0.999999996 c; at this speed the ^'elativistic mass m 

is over 10,000 times greater than the rest mass m ! 

o 

Relativity theory leads to a new formula for kinetic 
energy, expressing it in terms of the increase in mass: 

KE = (m - m )c2 
o 



KE 



mc^ 



m c^ 



It can be shown in a few steps of algebra that k.c^- m c^ 

o 

IS almost exactly equal to ^m^v^ when v is very small 
compared to c. But at very hign speeas , mc^- m^c^ agrees 
with experimental values of the amount of work done on a 
particle and ^sm^v^ does not. Einstein gave the following 
interpretation of the terms m the relativistic formula 
for KE: mc^ is the tot- ad energy of the particle, and .b^c^ 
is an energy the particle has even when it is at rest: 



KE 



m c^ 



eledrraY\€ rest ma&> is doout 
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kinetic energy = total energy - rest energy 

Or, putting it the other way around, the total energy E 
of a particle is the sum of its rest energy and its 
kinetic energy: 

E = mc^ 

= m^c^ H KE. 

This equation, Einstein* s mass-energy relation, has 
great importance in nuclear physics. It suggests that 
kinetic energy can be converted into res"! .iiass, and rest 
mass into kinetic energy or radiation. ta Chapters 23 and 
24, we shall see how such changes come about experimentally, 
and see additional experimental evidence which supports 
this relationship. 

The theory of relativity was developed by Einstein from 
basic considerations of the nature of space and time and of 
their measurement. He showed that the Newtonian (or classi- 
cal) views of these concepts led to contradictions and had 
to be revised. The formulas for the variation of mass with 
speed and the mass-energy relation resulted from the logi- 
cal development of Einstein's basic considerations. The 
predictions of the theory have been verified experimentally, 
and the theory represents a model, or view of the world, 
which is an improvement over the Newtonian model. 

Q1 What happens to the measurable mass of a particle as its ki- 
netic energy is Increased? 

Q2 What happens to the speed of a particle as Its kinetic energy 
is increased? 



The rest energy m^c^ includes 
the potential energy, if there 
is any. Thus a compressed 
spring has a somewhat larger 
rest mass and rest energy than 
the same spring when relaxed. 
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Particle-like behavior of radiation . The first use we 
shall make of a result of relativity theory is in the 
further study of light quanta and of their interaction 
with atoms • The photoelectric effect taught us that a 
light quantum has energy hf, where h is Planck's constant 
and f is the frequency of the light. This concept also 
applies to x rays which, like visible light, are electro- 
magnetic radiation, but of higher frequency. The photo- 
electric effect, however, didn't tell us anything about 
the momentum of a quantum. We may raise the question: if 
a light quantum has energy does it also have momentum? 

The theory of relativity makes it possible for us to 
define the momentum of a photon. We start v;ith the mass- 
energy relation for a particle , E = mc^, and write it in 
the form: 

m = l-. 

c2 

We may then speculate that the magnitude of the momentum p 

E 

p = mv = — V. 

The last term is an expression for the momentum from which 
the mass has been eliminated. If thi& formula could be 
applied to a light quantum by setting the speed v equal to 
the speed of light c in the above equation; we would get 

Ec E 
p = ~ = 

c^ 

Now, E = hf for a light quantum, and if we substitute this 
expression for E in p = E/c, we would get for the momentum 
of a light quantum: 

hf 

Does it make sense to define the momertun of a photon in 
this way? It does if the definition can be applied success- 
fully to the interpretation of experimental results. The 
first example of the successful use of the definition was 
in the analysis of the Compton effect which will now be 
considered. 

According to classical electromagnetic theory, when a 
beam of light (or x rays) strikes the atoms in a target 
(such as a thin sheet of metal) , the light will be scat- 
tered in various directions but its frequency will not be 
changed. Light of a certain frequency ir.ay be absorbed by 
an atom, and light of another frequency may be emitted; 
but, if the light is simply scattered, there should be no 
change in frequency — provided that the classical wave 
theory is correct. 
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According to quantum theory, however, light is made up 
of photons. Compton reasoned that if photons have momen- 
tum, then in a collision between a photon and an atom the 
law of conservation of momentum should also apply. Accord- 
ing to this law (see Chapter 10), when a body of small mass 
collides with a massive object, it simply bounces back or 
glances off with very little change in energy. But, if 
the masses of the two colliding objects are not very much 
different, a significant amount of energy can be transferred 
in the collision. Compton calculated how much energy a 
photon should lose in a collision with an atom, assuming 
that the energy and momentum of the photon are defined as 
hf and hf/c, respectively. The change in energy is too 
small to observe if a photon simply bounces off an entire 
atom. If, however, a photon strikes an electron, which 
has a small mass, the photon should transfer a significant 
amount of energy to the electron. 

In experiments up to 1923, no difference had been observed 
between the frequencies of the incident and scattered light 
(or X rays) when electromagnetic radiation was scattered 
by matter. In 1923 Compton, using improved experimental 
techniques, was able to show that when a beam of x rays of 
a given frequency is scattered, the scattered beam consists 
of two parts: one part has the same frequency as the inci- 
dent X rays; the other part has slightly lower frequency. 
This reduction in frequency of some of the scattered x rays 
is called the Compton effect. The change of frequency 
corresponds to a transfer of energy from photons to elec- 
trons in accordance with the laws of conservation of momen^ 
tum and energy. The observed change in frequency is just 
what would be predicted if the photons were particles 
having momentum p = Furthermore, the electrons which 

were struck by the photons could also be detected, because 
they were knocked out of the target. Compton found that 
the momentum of these electrons was just what would be 
expected if they had been struck by a particle with momen- 
tum p = 

c 

Compton 's experiment showed that a photon can be regarded 
as a particle with a definite momentum as well as energy; it 
also showed that collisions between photons and electrons 
obey the laws of conversation of momentum and energy. 

Photons act much like particles of matter, having mo- 
mentum as well as energy; but they also act like waves, 
having frequency and wavelength. In other words, the be- 
havior of electromagnetic radiation is sometimes similar 




Arthur H. Compton (1892-1962) 
was born in Wooster. Ohio and 
graduated from the College of 
Wooster. After receiving his 
doctor's degree in physics 
from Princeton University in 
1916, he taught physics and 
then worked in industry. In 
1919-1920 he did research un- 
der Rutherford at the Caven- 
dish Laboratory of the Univer- 
sity of Cambridge. In 1923, 
while studying the scattering 
of X rays, he discovered and 
interpreted the changes in the 
wavelengths of x rays when the 
rays are scattered. He re- 
ceived the Nobel Prize in 1927 
for fhis work. 
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to what we are used to thinking of as particle behav- 
ior and sometimes similar to what we are used to think- 
ing of as wave behavior. This behavior is often refer- 
red to as the wave-particle dualism of radiation . The 
question, "Is a photon a wave or a particle?" can only 
be answered: it may not be either, but can appear to 
act like either, depending on what we are doing with it. 



03 How does the momentum of a photon depend on the frequency of 
the light? 

04 What did the Compton effect prove? 



yViCive - f article dualism aiso 

apflt'ed fo fwildcS ) ikci /S^<:^ 20.3 w ave- like behavior of matter , m 1924, a French physicist, 

Louis de Broglie, suggested that the wave-particle dualism 
which applies to radiation might also apply to electrons 
and other atomic particles. Perhaps, he said, this wave- 
particle dualism is a fundamental property of all quantum 
processes, and what we have always thought of as material 
particles sometimes act like waves. He then sought an ex- 
pression for the wavelength of an electron and found one 



pcxrtide Vxas a \/^avelenoflU 
assodiated (t, 

of eieOroYje cyx\je experinuzntal 



of Sohr own be deduced Isorm- Zr^lll^r.^' 17 

\^/^«+ * ^ t ^ ^ ^ . \ '-'V means of a simple argument. 

What SfXAriouGljj as it "turns ou(t) 

from tt^e ofe :Br<?glie podCulate.^ 



De Sro^lte's rocdcal ideaG wcyb 
met with i^d'^ererxce, : in J^act, 
he dissertcAidn was on the 
verqe of heina rejected. 
yortiArtci^li^ y Bt¥\^cAri was 
asked to express an opxmbn 
on tf^e \deas contained in Ihe 
disGe^tattdn . "Partii^ as a 
Yesu\t of Einstein's einttriuGi- 
o^d \reefon^0^ de^ Sroofie^ 
was c^roy(ted 1}ne dodbrs 



The de Broglie wavelength of a 
material particle does not refer 
to light, but to some new wave 
property associated with the 
motion of matter itself. 



We start with tne formula for the magnitude of the mo- 
mentum of a photon, 

hf 

The speed and frequency of a photon are related to the 
wavelength by the relation 



or 



fx, 

1 
X 



If we replace ^ in the momentum equation by i, we get: 



h 

P = X ' 



X = ii. 

P 



De Broglie suggested that this relation, derived for pho- 
tons, would also apply to electrons with the momentum 
p = mv. He, therefore, wrote for the wavelength of an 
electron : 



X = 



mv' 



SG 20 11 where m is the mass of the electron and v its speed. 

What does it mean to say that an electron has a wave- 
length equal to Planck *s constant divided by its momentum? 
If this statement is to have any physical meaning, it must 
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5W d^raction effects like x ra\^ do, loeants 

be possible to test it by some kind of experiment. Some 
wave property of the electron must be measured. The first 
such property to be measured was diffraction . 

By 1920 it was known that crystals have a regular lat- 
tice structure; the distance between rows or planes of 
atoms in a crystal is about 10"^ ^m. After de Broglie 
proposed his hypothesis that electrons have wave proper- 
ties, several physicists suggested that the existence of 
electron waves might be shown by using crystals as dif- 
fraction gratings. Experiments begun in 1923 by C. J. 
Davisson and L. H. Gexmer in the o.Jted States, yielded 
diffraction patterns similar to those obtained for x rays, 
as illustrated in the two drawings at ti.e left below. The 
experiment showed not only that electrons do have wave 
properties, but also that their wavelengt.hs are correctly 
given by de Broglie 's relation, X = h/mv. These results 
were confirmed in 1927 by G. P. Thomson, vho directed an 
electron beam through thin gold foil to pi'oduce the more 
familiar type of diffraction pattern like the one at the 
right in the margin. By 1930, diffraction from crystals 

had been used to demonstrate the wave-like bthavior of >%l^Mgh "tfieSe 5^Mp^ wouid 
helium atoms and hydrogen molecul es, as illustrated in the /'^^ OctUal e*cp0nmanfe 

drawing at the right below. 




Fig. 20.3 Diffraction pattern 
produced by directing a beam of 
electrons through polycrystalline 
aluminum. With a similar pattern, 
G.P., Thomson demonstrated the 
wave properties of electrons — 
28 years after their particle 
properties were first demonstrated 
by J.J. Thomson, his father. 





yniojfftt have been considervhliA 
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a. One way ;o demonstrate the wave 
behavior of x rays is to direct 
a beam at the surface of a crys- 
tal. The reflections from dif- 
ferent planes of atoms in the 
crystal interfere to produce re- 
flected beams at angles other 
than the ordinary angle of re- 
flection. 

b, A very similar effect can be 
demonstrated for a beam of elec- 
trons. The electrons must be 
accelerated to an energy that 
corresponds to a deBroglie wave- 
length of about 10-^^ m (which 
requires an accelerating voltage 
of only about 100 volts). 



c. More surprisingly still, a beam 
of molecules directed at a crys- 
tal will show a similar diffrac- 
tion pattern. The diagram above 
shows how a beam of hydrogen 
molecules (H2) can be formed by 
slits at the opening of a heated 
chamber; the average energy of 
the molecules is controlled by 
adjusting the temperature of the 
oven. The graph, reproduced 
from Zeitschrift fiir Phvsik , 
1930, shows results obtained by 
I. Estermann and 0, Stern in 
Germany. The detector reading 
is plotted against the deviation 
to either side of angle of 
ordinary reflection. 
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Diffraction pattern for 
H2 molecules glacing off 

a crystal of lithium 
fluoride. 

V was chtamed frorr^ the 



The de Broglie wavelength; examples . 



A body of mass 1 kg moves with 
a speed of 1 m/sec. What is 
its de Broglie wavelength? 



h_ 
mv 



6.6 



10 



-34 



mv = 1 kg -m/sec 



X = 



1 kg-ni/sec 



joule- sec 



jcuie - sec 



or 



X = 6.6 X 10"34 



The de Broglie wavelength is 
much too small to be detected. 
We would expect to detect no 
wave aspects in the motion of 
this body. 



An electron of mass 9.1 x 10'^^ kg 
moves with a speed of 2 x 10^ m/sec. 
What IS its de Broglie wavelength? 



X = 



mv 



h = 6.6 



10 



-34 



jot le- sec 



mv 



X = 



1.82 >^ 10"^** kg-m/sec 

6.6 X 10"^^ joule-sec 
1.B2 X 10-24 kg-m/sec ' 



or 



3.6 X 10 



-1 0 



m. 



The de Broglie wavelength is of 
atomic dimensions; for example, 
it is of the same order of mag- 
nitude as the distances between 
atoms in a crystal. We would 
expect to see wave aspects in 
the interaction of electrons with 
crystals * 
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Fig. 20.4 Only certain wave- 
lengths will "fit" around a 
circle. 




According to de Broglie's hypothesis, which has been 
confirmed by diese experiments, wave-particle dualism is 
a general property not only of radiation but also of mat- 
ter. It is now customary to use the word "particle" to 
refer to electrons and photons while recognizing that they 
both have properties of waves as well as of particles. 

De Broglie 's relation, X = j—, has an interesting yet 
simple application which makes more reasonable Bohr's 
postulate that the angular momentum of the electron in the 
hydrogen atom can only have certain values . Bohr assumed 
that the angular momentum can have only tl'.e values: 



mvr 



n where n 

Z IT 



1, 2, 3, 



Now, suppose that an electron wave is somehow spread over 
an orbit of radius r — that, in some sense, it "occupies" 
an orbit of radius r. We may ask if standing waves can 
be set up as indicated, for example, in Fig. 20.4. The 
condition for such standing waves is that the circumfer- 
ence of the orbit is equal in length to a whole number of 
wavelengths, that is, to nX. The mathematical expression 
for this condition is : 
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2tTr = nX. 

Whe^ "tfi/'s wave comes hack 'ts ^rtria ootyit ^ cre^ and if^iagh do e^^actiu C6^M^ ibaether. 
Ihc ivav/e^ "t^d ib concei oyxd -flWea jcottern reewlts. Tp<is co^eft y like Kae &>hr orbit 
concept, \s now re^atrdlecl as oveireimplifteci , as i^ou wiK see h 5eo So. 6. TRe inodes of 
^ Standma cicdtron wa-ve^ a^e SpUer\coL d{A)nface^ or p/ortes. TTie ek^Arxdkrxa wave on Ifie 
coffee cofi lA^fiich appear on ihe cover of -ff^ Uri(t 3 Stde/tt ^cirxdbockj^ a^cioser analo^i^^ 



7^4^5: Matter waves 

20.4 

If we now replace x by — , according to de Broglie»s 
relation, we get 

27Tr = n— , 
mv 

or mvr = n^. 

But, this is just Bohr*s quantization condition! The 
de Broglie relation for electron waves allows us to 
derive the quantization that Bohr had to assume. 

The result obtained indicates that we may picture the 
electron in the hydrogen atom in two ways: either as a 
particle moving in an orbit with a certain angular 
momentum, or as a standing de Broglie type wave occupying 
a certain region around the nucleus. 



Q5 Where did de Broglie get the relation X = ~ for electrons? 

mv 

Q6 Why were crystals used to get diffraction patterns of elec- 
trons? 



20.4 Quantum mechanics . The proof that things (electrons, SuntmortA AO. ^ 

atoms, molecules) which had been regarded as particles /• TPie. meOr\A It^cit Cdn^relofes 

also show properties of waves has served as tiie basis for WaVB Okxci pOrticX^^ 

the currently accepted theory of atomic structure. This KHatter is qoflHJuW 

theory, quantum mechanics , was introduced in 1925; it was 

developed with great rapidity during the next few years, fl. Sd^ddirxa^^ ^rm <f t^e 
primarily by Heisenberg, Born, Schrodinger, Bohr and iheOru^ WhiCh tS cioSciiA Mcted 

Dirac. The theory appeared in two different mathematical tfie de Sroo^Ue hi^pottwS'iS , 
forms proposed independently by Heisenberg and Schrodinger. ^^^Sefa/((^ predicts 1Srte reS(Alts 
These two forms were shown by Dirac to be equivalent. The ?f ^o\vC ^OOC^ hljrfnoge*i; 
form of the theory that is closer to the ideas of de Broglie?^^' 

discussed in the last section, was that of Schrodinger. 3. ^WOrilUm rru^O^^c^ prWides 
It is often referred to as "wave mechanics." -f^ie pTeeerit '{rwrtework -^r OMr 

schrodinger sought to express the dual wave and particle ""'^'^'^'^ °f ^ruclure. 
nature of matter mathematically by means of a wave equation. 
Maxw€ai had formulated the electromagnetic theory of light 
in terms of a wave equation, and physicists were familiar 
with this theory and its applications. Schrodinger rea- 
soned that a wave equation for electrons would have to 
resemble the wave equation for light, but would have to 

include Planck's constant to permit quantum effects. Now, '^^^^^^^ de>^ped On aft^^0 
the equations we are talking about are not algebraic equa- T^^""^^^ ^3 qt^OHtOm mechayiiCS. 

• ^ ^ ^ His approach ar^ vnoru. diradtiu 

t.ons. They involve higher mathematics and are called fr^TKe eKperir^ 

"differential equations." We cannot discuss this mathemat- atom(<> Spedtra, . 1^ 
ical part of wave mechanics, but the physical ideas involved<^2^!»t1sXU:Hcs, 5c and 
require only a little mathematics cind are essential to an 

understanding of modern physics. So, in the rest of ^n€?Wt\ Vlhac to he dJMlWertt. 

P5«: OCbnixcttorx pO&nticil 
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Paul Adrlen Maurice Dirac (1902- ), 
an English physicist, was one of the 
developers of modern quantum mechanics. 
His relativistic theory of quantum 
mechanics (1930) was the first indica- 
tion that "anti-particles" exist, such 
as the positron. Ke shared the Nobel 
Prize for physics in 1933 with 
SchriJdinger In 1932, at the age of 
30, Dirac was appointed Lucasian 
Professor of Mathematics at Cambridge 
University, the post held by Newton. 
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Max Born (1882- ) was born In Ger- 
many, but left that country in 1933 
when Hitler and the Nazis gained con- 
trol. Born was largely responsible 
for introducing the statistical in- 
terpretation of wave mechanics. 
From 1933 to 1953, when he retired, 
he worked at Cambridge, England and 
Edinburgh, Scotland. He was awarded 
the Nobel Prize in physics in 1954. 




1 





Prince Louis Victor de Broglie (1892- ) comes of a 
noble French family. His ancestors served the French 
kings as far back as the times of Louis XIV. He was 
educated at the Gorbonne in Paris, served as a radio 
specialist in World War I, and was awarded the Nobel 
Prize ir physics in 1929. 



Werner Karl Heistnberg (1901 - >, a German physicist, 
was one of tne developers of modern quantum mechanics 
(at the age of 23). He discovered the uncertainty 
principle, and after the discovery of the neutron 
in 1932, proposed the proton-neutron theory of 
nuclear constitution. He was awarded the Nobel Prize 
in physics in 1932. During World War II, Heisenberg 
was in charge of German research of the application 
of nuclear energy. 
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Erwin Schrodinger (1887-1961) was 
born in Austria. After service in 
World War I, he became a professor 
of physics in Germany. He developed 
wave mechanics in 1926, left Germany 
in 1933 when Hitler and the Nazis 
came to power. From 1940 to 1956, 
when he retired, he was professor of 
physics at the Dublin Institute for 
Advanced Studies. He shared the 
Nobel Prize in physics with Dirac in 
1933 for his work on wave mechanics. 
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7^4-^ ■ JLic^t: Wave, and 
CfucxrttSm Ihecnes 



See "The New Landscape of 
Science" in Project Physics 
Reader 5. 



this chapter, we .>hall discuss some of the physical ideas 
of the theory to try to make them seem plausible; and we 
shall consider some of the results of the theory and some 
of the implications of these results. 

Schrodinger was successful in deriving an equation for 
the motions of electrons. This equation, which has been 
named after him, defines the wave properties of electrons 
and also includes their basic particle aspects. The math- 
ematical solution of the Schrodinger equation shows that 
only certain electron energies are possible in an atom. 
Foi example, in the hydrogen atom, the single electron can 
only be in those states for which the energy of the elec- 
tron has the values: 



^n = - 



n2h2 

with n having only whole number values. These values of 
the energies are just the ones given by the Bohr theory. 
But, in Schrodinger's theory, this result follows directly 
from the mathematical formulation of the wave and particle 
nature of the electron. The existence of these stationary 
states has not been assumed, and no assumptions have been 
made about orbits. The new theory yields all the positive 
results of the Bohr theory without having any of the 
inconsistent hypotheses of the earlier theory. The new 
theory also accounts for the experimental information for 
which the Bohr theory failed to account. 

On the other hand, quantum mechanics does not supply a 
physical model or picture of what is going on inside the 
atom. The planetary model of the atom has had to be given 
up, and has not been replaced by another simple picture. 
There is now a highly successful mathematical model, but 
no easily understood physical model. The concepts used to 
build quantum mechanics are more abstract than those of 
the Bohr theory; it is hard to get an intuitive feeling 
ioT v^tomic structure. But the mathematical theory of 
qu intum mechanics is much more '-owerful than the Bohr 
theory, and many problems have been solved with quantum 
mechanics that were previously unsolvab.le. Physicists 
have learned that the world of atoms, electrons and piio- 
tons cannot be thought of in the same mechanical terms as 
the world of everyday experience. In fact the world of 
atoms has presented us with some new and fascinating con- 
cepts which will be discussed in the next two sections. 
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Q7 The set of energy states of hydrogen could be derived from 
Bohr's postulate of quantized angular momentum. Why was the der- 
ivation from Schrodinger *s equation so much better? 

Q8 Quantum (or wave) mechanics has had great success.. What is 
its major drawback? 

20.5 Quantum mechanics - the uncertainty principle . The success 
of wave mechanics emphasizes the fundamental importance of 
the dual wave-and-particle nature of radiation and matter. 
The question now arises of how a particle can be thought 
of as "really" having wave properties. The answer is that 
invisible matter of the kinds involved in atomic structure 
doesn't have to be thought of as "really" being either 
particles or waves. Our ideas of waves and particles are 
taken from the world of visible things and may just not 
app}y on th«^ ?tomic scale. The suitability of applying 
wave and particle concepts to atomic problems has to be 
studied and its possible limitations determined. 

When we try to describe something that no one has ever 
seen or can ever see directly, it is questionable whether 
the concepts of the visible world can be taken over unchanged. 
It appeared natural before 192 5 to try to talk about the 
transfer of energy in either wave terms or particle terras, 
because that was all physicists knew and understood at the 
time. No one was prepared to find that both wave and parti- 
cle descriptions could apply to light and to matter. But 
this dualism cannot be wished away, because it is based on 
experimental results . 

If we didn't feel uncomfortable with the dualism, we 
could just accept it as a fact of nature and go on from 
there. But, scientists were as uncomfortable with the dual- 
ism as you undoubtedly are, and searched for a way out of the 
situation. Because there is no argument with the facts, the 
way out has to be with our view of nature, our outlook as 
scientists. To look for this way we shall describe some ex- 
periments which show up a fundamental limitation on our 
ability to describe phenomena. Following that, we shall give 
a simplified version of the present view of physics concern- 
ing the wave-particle dualism. 

Up to this point we have always talked as if we could 
measure any physical property as accurately as we pleased, 
if not in the laboratory at least in our own thoughts in 
which ideal instruments could be "used." Wave machanics 
shows that, even in thought experiments, there are limita- 
tions on the accuracy with which atomic measurements may be 
made. 



w, \A/htch ynojrtiu oixzed upon 
SacM nothing aiAtramfusicn , 
Eyed awn^, 

'\<\irx^ t?ccharol itie S&coi^d^ 

Ihe wave-pa^iile, dluaU'sni ts 
an examp(« cf tte difftcwftles- 
e4<icoiAnter^ whovx we lKj to 
yyroyect Cur a>mn^ sense. 
yu*i:>n<^ ^ dev^oped from lP\e 

See "Dirac and Born" in 
Project Physics Reader 5 . 



Max Born, one of the founders of 
quantum mechanics, has written: 
"The ultimate origin of the dif- 
ticulLy lies in the fact (or 
philosophical principle) that 
we are compelled to rse the 
words of common language when 
we wish to describe a phenom- 
enon, not by logical or mathe- 
matical analysis, but by a pic- 
ture appealing to the imagina- 
tion. Common language has 
grown by everyday experience 
and can never surpass these 
limits. Classical physics has 
restricted itself to the use 
of concepts of this kind; by 
analyzing visible motions it 
has developed two ways of rep- 
resenting them by elementary 
processes:, moving particles 
and waves. There is no other 
way of giving a pictorial de- 
scription of motions — we have 
to apply it even in the region 
of atomic processes, where 
classical physics breaks down." 
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20.5 

Suppose we want to measure the position and velocity of a 
car; and let us suppose that the car's position is to be 
measured from the end of a garage. The car moves slowly out 
of the garage along the driveway. We mark the position of 
the front end of the car at a given instant by making a 
scratch on the ground; at the same time, we start a stop- 
watch. Then we run to the far end of the driveway, and at 
the instant that the front end of the car reaches another 
mark on the ground we stop the watch, we then measure the 
distance between the marks and get the average speed of the 
car by dividing the distance traversed by the time elapsed. 
Since we know the direction of the car*s motion, we know the 
average velocity. Thus we know that at the moment the car 
reached the second mark it was at a known distance from its 
starting point and had traveled at a known average velocity . 

How did we get this information? We could locate the 
position of the front end of the car because sunlight bounced 
off the front end into our eyes and permitted us to see when 
the car reached a certain mark on the ground. To get the 
average speed we had to locate the front end twice. 

Note that we used sunlight in our experiment. Suppose 
that we had decided to use radio waves instead of light of 
visible wavelength. At 1000 kilocycles per second, a typical 

c 3 ^ XO ni/s6c 

^ = 7 = XO S/sec ^ 300 m. value for radio signals, the wave length is 300 meters, with 

radiation of this wavelength, which is very much greater 
than the dimensions of the car, it is impossible to locate 
the car with any accuracy, because the wavelength has to be 
comparable with or smaller than the dimensions of the object 
before the object can be located. Radar uses wavelengths 
from 3 cm to about 0.1 cm. Hence a radar apparatus could 
have been used instead of sunlight, but radar waves much 
longer than 3 cm would result in appreciable uncertainty 
about the positions and average speed of the car. 

Let us now replace the car, driveway and garage by an 
electron leaving an electron gun and moving across an evac- 
uated tube. We try to measure the position and speed of the 
electron. But some changes have to be made in the method of 
measurement. The electron is so small that we cannot locate 
ita t.o<^'5.tion by using visible light. The reason is that 
the wavelength of visible \ight is at least 10** times 
greater than the diameter of an atom. 

To locate an electron within a region the size of an 
atom (10~^0 m) we must use a light beam whose wavelength is 
comparable to the size of the atom, if not much smaller. 
Otherwise we will be uncertain about the position by an 
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The extreme smallness of the atomic scale is indicated by these pictures made with techniques that give 
the very limits of magnification — about 10,000,000 tiroes in this reproduction. 



Electron micrograph of a section of a single gold 
crystal,^ The entire section of crystal shown is 
only lOOA across — smaller than the shortest wave- 
length of ultraviolet light that could be used ii 
a light microscope. The finest detail that can 
be resolved is just under 2A, so that the ""ayers 
of gold atoms (spaced slightly more than 2^) show 
as a checked pattern; individual atoms are beyond 
the resolving power, 

7?Jfe picJiAre was iakerz with a -pa<^- 
(on micrvscop^ j m which a 
^rtetaiLictij? ts YUised id a ver(^ 
hii^h poeitive p^^te^iTidi , IQ^e^ tip ts 
hoiAse^i iKt a \Mcu{,\m charrthe\r 
i^o w^ich helium ir^odiAcec^ 
-to a pressure of lo"^ vnm cf 
Hc^. l-ieliiAm la^s ore- r&peiled 
-fyoyyi i^e raqiorx of strongest' 
field oui "tt^e Xijp J ar^ 
radiaHiA cut id a fluorescent scneen. 
The W/0li-fielo( reo^^crxs a*ne^ fMc 
comev^ of itne cry^al arrcu^. 





Field-ion micrograph of the tip 
of a microscopically thin tungsten 
crystal. As above, the entire 
section shown is or:ly about lOOA 
across. The bright spots indicate 
the locations of atoms along edges 
of the crystal, but should not be 
thought of as pictures of the atom. 
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20.6 

amount many times greater than the diameter of the electron. 
Now a photon of such a wavelength has a very great energy 
and momentum; and, from our study of the Compton effect, we 
SG 20 14 ^^^^ photon will give the electron a strong kick. 

AS a result, the velocity of the electron will be seriously 
changed, and in an unknown direction. Hence, although we 
have "located" the electron, we have altered its velocity 
(both in magnitude and direction) . To say this more direct- 
ly: the more accurately we locate the electron (by using 
photons of shorter wavelength) the less accurately we can 
know its velocity. If we try to disturb the electron less 
by using less energetic (longer wavelength) photons, we lose 
resolving power and acquire a greater uncertainty in the 
position of the electron. To summarize: we are unable to 
measure both the p osition and velocity of an electron to a 
prescribed accuracy > This conclusion is known as the un- 
certainty principle, and was discovered by Heisenberg. The 
uncertainty principle can be expressed quantitatively in a 
simple formula. If Ax is the uncertainty in position, and 
Ap is the uncertainty in momentum, then the product of the 
two must be equal to, or greater than, Planck's constant di- 
vided by 2n: 

(AX) (Ap) > Ji 

SG 20 15 The same reasoning holds for the car, but the limitation 

SG 20.16 practical consequence with such a massive object. 

SG 20 17 atomic world that the limitation is impor- 

tant. 

Q9 If light photons used lu finding the velocity of an electron 
disturb the electron too much, why can't the observation be im- 
proved by using weaker photons? 

Q10 If the wavelength of light used to locate a particle is too 
long, why can't the location be found more precisely by using 
light of shorter wavelength? 



Summaru Aa6 20.6 Quantum mechanics - probability interpretation . The way 

QuanlurrTimechotucs pnovide^ line in which physicists now think about the dualism involves the 

•In SfeO-^dZaus; 1hu6 Predicted with certainty, it may still be pos- 

layi^& mimbvrS of eiec^ronGj ^° ^^^^ predictions of the statistical probabilities 

itheir a^rwff behavior cm he °^ certain events. For example, automobile manufacturers 
accutvie\(^ dceorhed. don't k now which 8 million people will buy cars this vear. 

But they do know that about that many people will find need 
for a new car. Similarly, on a holiday weekend during which 
perhaps 2S million cars are on the road, the statisticians 
report a high probability that about 600 people will be 
killed in accidents. It isn't known which cars in which of 
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The uncertainty principle; examples. 



A large mass . 

Consider a car, with a mass 
of 1000 kg, moving with a speed 
of about 1 m/sec. Suppose that 
the uncertainty hv in the speed 
IS 0.1 m/sec (10% of the speed). 
What is the uncertainty in the 
position of the car? 



A small mass. 

Consider an electron, with a 
mass of 9.1 10""^^ kg, moving 
with a speed of about 2 x 10^ m/sec. 
Suppose that the uncertainty Av in 
the speed is 0.2 x lo^ m/sec (10% of 
the speed) . What is the uncertainty 
in the position of Lhie electron? 



Ap = mAv = 100 kg^m/sec 
h = 6.63 X 10"^** joule-sec 



Ap = mAv = 1.82 X lO^^S kg. m/sec 
h = 6.63 X lO'^** joule-sec 



6 .63 10*3** jou le-sec 

^ 6758 ^ ^ . 

10^ kg*m/sec 



Ax > 1 X 10"^^ m. 



AX 1 -^^-H joule. sec 

* ^ 1.82 X 10"25 Kg. m/sec 

or 

Ax > 5 X 10-10 



The uncertainty in position 
is much too small to be observ- 
able. In this case we can deter- 
mine the position of the body 
with as high an accuracy as we 
would ever need . 



The uncertainty in position is of 
the order of atomic dimensions, and 
is significant in atomic problems. 



The reason for the difference between these two results is that Planck *s 
constant h is very small: so small that the uncertainty principle becomes 
important only on the atomic scale . 

The main use of the uncertainty principle is in general arguments in 
atomic theory rather than in particular numerical problems. We don't really 
need to know exactly where an electron is, but we sometimes want to know if 
it could be in some region of space. 



the 50 states will be the ones involved in the accidents, but 
the average behavior is still quite accurately predictable. 

It is in this way that physicists think about the behavior 
of photons and material particles. As we have seen, there 
are fundamental limitations on our ability to describe the 
behavior of an individual particle. But the laws of physics 
often enable us to describe the behavior of large collections 



See "The Fundamental Idea 
of Wave Mechanics" in Pro- 
ject Physics Reader 5 . 
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Probability in'auar. tum Mechanics ^w^y sfefe ear IRe ^flpff beV^een e^ro^t^ sixOt^. 

We have already described how probabilities were used in the kinetic theory of gases (Chapter 11). Be- 
cause a gas contains so many molecules — more than a billion billion in each cubic centimeter of the air we 
breathe — it is impractical to calculate the motion of each molecule. Instead of applying Newton's laws to 
trace the paths of these molecules the scientists who developed the kinetic theory assumed that the net 
effect of all of the collisions among molecules would be a random, disordered motion that could be treated 
statistically. In the kinetic theory a gas is described by stating its average density and average kinetic 
energy, or, where more detail is wanted, by showing the relative numbers of molecules with different speeds. 

Probability is used in a different way in quantum theory. The description of a single molecule or a 
single electron is given in terms that yield only statistical predictions. Thus quantum mechanics predicts 
the probability of finding a single electron in a given region. The theory does not specify the position 
and the velocity of the electron, but the probability of its having certain positions and certain veloci- 
ties. The theory asserts that to ask for the precise position and velocity of a particle is to demand the 
unknowable • 

As an example, consider the case of a particle confined to a box 
with rigid sides. According to classical mechanics the path of the 
particle can be traced from a knowledge of its position and velocity 
at some instant. Only if we introduce a large number of particles 
into the box is there a need to use probabilities. 

The quantum mechanical treatment of a single particle confined to 
a box is much different. It is not possible, according to the theory, 
to describe the particle as moving from one point to another within 
the box; only the probability of detecting the particle at various 
regions can be predicted. Moreover, the theory indicates that the 
particle is limited to certain discrete values of kinetic energy. 
The way the probability of finding the particle varies from point 
to point within the box depends on the energy. For example, in the 
lowest possible energy state the particle has the probability dis- 
tribution indicated by the shading in the top drawing at the left; 
the darker the shad-.ng, the greater the probability of the particle's 
being there. The probability falls to zero at the sides of the box. 
The lower drawing at the left represents the probability distribu- 
tion for the second energy level; notice that the probability is 
zero also for the particle to be on the center line. 

As these drawings suggest, the probability distributions are the ' 
same as the intensity of standing waves that have nodes on the faces 
of the box. The standing wave intensity patterns for three of the 
lower energy levels are graphed below. The momen tum and kinetic 
energy of the electron are connected to the wavelength of the stand- 
ing waves through the deBroglie relations: p *= h/X and KE = h2/2mX^. 
Since only certain wavelengths can be fitted into the box, the par- 
ticle can have only certain values of momentum and energy. 

This quantum effect of discrete energy levels will occur, in 
theory, for any confined particle. Yet for a particle large enough 
to be seen with a microscope there does not appear to be any lower 
limit to its energy or any gaps in possible values of its energy. 
This is because the energy for the lowest state of such a particle 
is immeasurably small and the separation of measurably larger 
energies is also immeasurably small. The existence of discrete 
energy states can be demonstrated experimentally only for particles 
of very small mass confined to very small regions — that is, particles 
on the atomic scale. 
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Nowhere is the discreteness of energy states 
more pronounced than for electrons bound in atoms. 
The electron mass is extremely small and an atom 
makes an extremely small "box." There is thus 
clearly a lower limit to the energy of an electron 
in an atom and there are distinct gaps between 
energy levels. 

According to modern quantum theory, the hydro- 
gen atom does not consist of a localized nega- 
tive particle moving around a nucleus as in the 
Bohr model. Indeed, the theory does not provide 
any picture of the hydrogen atom. However, 
quantum tneory does yield probability distribu- 
tions similar to those on the preceding page. 
A description of this probability distribution 
is the closest thing that the theory provides 
to a picture. The probability distribution for 
the lowest energy state of the hydrogen atom is 
represented in the upper drawing at the right, 
where whiter shading at a point indicates 
greater probability. The probability distribu- 
tion for a higher energy state, still for a 
single electron, is represented in the lower 
drawing at the right. 

Quantum theory is, however, not really concerned 
with the position of any individual electron in 
any individual atom. Instead, the theory gives 
a mathematical representation that can be used 
to predict interaction with particles, fields 
and radiation. For example, it can be used to 
calculate the probability that hydrogen will 
emit light of a particular wavelength; the in- 
tensity and wavelength of light emitted by a 
large number of hydrogen atoms can then be 
compared with these calculations. Comparisons 
such as these have shown that the theory agrees 
with experiment. 

Although the atom of modern quantum mechanics 
differs fundamentally from the Bohr model, 
there are points of correspondence between the 
two theories. The probability of finding the 
electron somewhere on a sphere at a distance r 
from the nucleus is plotted for the lowest energy 
totate of the hydrogen atom at the left below. 
The most probable distance (r^) is equal to the 
radius of the electron orbit given by the Bohr 
theory. The same correspondence occurs for 
higher energy states, as shown in the other two 
graphs. 
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This graph for a pattern of 
stripes would be interpreted 
in a wave model as the rela- 
tive wave intensity, and in a 
particle model as the relative 
probability of a particle 
arriving. 



20.6 

of particles with high accuracy. The solutions of the 
Schrodinger equation givs us the probabilities for finding 
the particles at a given place at a given time. 

To see how probability enters the picture we shall first 
examine a well-known problem from the point of view of waves. 
Then we shall examine the same situation from the point of 
view of particles. 

Imagine a television screen with a stream of electrons 
scanning it. The electron waves from the gun cover the 
screen with varying intensities to make the picture pattern. 
If the overall intensity of the waves is reduced by reducing 
the flow of electrons from the gun, the wave theory predicts 
that the picture pattern will remain, but that the entire 
picture will be fainter. If we were actually to do this ex- 
periment, we would find that, as the intensity becomes very 
weak, the picture pattern fades into a collection of separate 
faint flashes scattered over the screen. The naked eye is 
not sensitive enough to see the scattered flashes. 

The waves give us the probability of finding electrons at 
various places at various times. If the number of electrons 
is small, the prediction becomes very poor. We can predict 
with any accuracy only tne average behavior of large numbers 
of electrons. 





A similar analysis holds for photons and their associated 
light waves. If light waves are projected onto a movie 
screen, the pattern is similar for all light intensities 
which give large numbers of photons. If the projector's 
light bulb is screened or otherwise reduced in intensity so 
that the light is extremely weak, the pattern falls apart in- 
to a collection of flashes. Here, too, the wave gives the 
probability of finding photons at various places at various 
times, and this probability gives us the correct pattern for 
large numbers of photons. 

If a camera were pointed at the screen and the shutter 
left open for long enough time so that many photons (or elec- 
trons, in the previous example) arrived at the screen, the 
resultant picture would be a faithful reproduction of the 
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high intensity picture. Even though individual particles ar- 
rive at random places on the screen, the rate at which they 
arrive doesn't affect the final result provided that we wait 
until the number that has finally arrived is very large. SG 20 19 

We see then that we can deal only with the average be- 
havior of atomic particles; the laws governing this average 
behavior turn out to be those of wave mechanics. The waves, 
it seems, are waves of probability. The probability that a 
particle will have some position at a given time travels 
through space in waves which interfere with each other in ex- 
actly the same way that water waves do. So, for example, if 
we think of electron paths crossing each other, we consider 
the electrons to be waves and compute the interference pat- 
terns which determine the directions in which the waves will 
be going after they have passed each other. Then, as long 
as there is no more interaction of the waves with matter, we 
can return to our description in terms of particles and say 
that the electrons end up going in such and such directions SG 20.20 
with such and such speeds. 

We quote Max Born who was the originator of the probabil- 
ity interpretation of the wave-particle dualism: 

Every process can be interpreted either in terms of 
corpuscles or in terms of waves, but... it is beyond 
our power to produce proof that it is actually corpus- 
cles or waves with which we are dealing, for we cannot 
simultaneously determine all the other properties 
which are distinctive of a corpuscle or of a wave, as 
the case may be. We can, therefore, say that the wave 
and corpuscular descriptions are only to be regarded 
as complementary ways of viewing one and the same ob- 
jective process.... 



SG 20.21 
SG 20.22 



Despite the successes of the idea that the wave repre- 
sents the probability of finding its associated particle in 
some specific condition of motion, many scientists found it 
hard to accept the idea that men cannot know exactly what 
any one particle is doing. The most prominent of such dis- 
believers was Einstein. In a letter to Born written in 1926, )^^*^^»^ prvperti^Sj SaddUnj 
he remarked, ^ ^ 



T^wf^n^ Qst is ftTT us ckk-t\rr\erSj 
it \s prcbahli^ yidt wise ib harp 
(M tfe )parv<Ao>c of wave and 



The quantum mechanics is very imposing. But an inner 
voice tells me that it is still not the final truth. 
The theory yields much, but it hardly brings us nearer 
to the secret of the Old One. In any case, I am con- 
vinced that He does not throw dice. 

Thus, Einstein refused to accept probability-based laws 
as final in physics, and here for the first time he spoke of 
the dice-playing God — an expression he used many times later 
as he expressed his belief that there are deterministic laws 
yet to be found. Despite the refusal of Einstein (and 
others) to accept probability laws in mechanics, neither he 
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nor any other physicist has succeeded in replacing Bom's 
probability interpretation of quantum mechanics. 

Scientists agree that quantum mechanics works; it gives 
the right answers to many questions in physics, it unifies 
ideas and occurrences that were once unconnected, and it 
has been wonderfully productive of new experiments and new 
concepts. On the other hand, there is less agreement about 
the significance of quantum theory. Quantum theory yields 
probability functions, not particle^ trajectories. Some 
scientists see in this aspect of the theory an important 
revelation about the nature of the world; for other scien- 
tists this same fact indicates that quantum theory is 
incomplete. Some in this second group are trying to develop 
a more basic, non-statistical theory for which the present 
quantum theory is only a limiting case. There is no doubt 
that quantum theory has profoundly influenced man's views 
of nature, it would be a mistake to assume that quantum 
mechanics provides some sort of ultimate physical theory, 
although up to this time no one has developed a success- 
ful nonstatistical theory of atomic and nuclear physics. 

Finally, it must be stressed again that effects which are 
completely imnoticeable because of the large masses of the 
visible world are very in?)ortant for the small particles of 
the atomic world. The sirrple concepts (such as wave, parti- 
cle, position, velocity) which work satisfactorily for the 
world of everyday experience are not appropriate, and the 
attempt to borrow these concepts for the atomic world has 
produced our problems of interpretation. We have been 
lucky enough to have unscrambled many of the apparent para- 
doxes, although we may at first be unhappy to have lost a 
world in which waves were only waves and particles were only 
particles . 



QTl In wave terms, the bright lines of a diffraction pattern are 
regions where there is a high field intensity produced by con- 
structive interference. In the probability interpretation of 
quantum mechanics, the bright lines of a diffraction pattern are 
jns where there is a high ....? 

Q12 If quantum mechanics can predict only probabilities for the 
behavior of any one particle, how can it predict many phenomena, 
for example, half-lives and diffraction patterns, with great cer- 
tainty? 
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20.1 How fast would you hive to move to increase your mass by IX? 

20.2 The centripetal force on a mass moving with relativistic speed 
V around a circular orbit of radius R is P « inv^/R, where m Is the 
relativistic mass. Electrons moving at a speed 0.60 c are to be 
deflected in a circle of radius 1.0 m; what must be the magnitude 
of the force applied? (m_ - 9.1 x 10~31 kg.) , 

20.3 The formulas (p » m^v, KE « i?mv2) used in Newtonian physics 
are convenient approximations to the more general relativiscic for- 
mulas. The factor l/ / l-v^/c^ :an be expressed as an infinite 
series of steadily decreasing terms by using a binomial series 
expansion. Wnen this is done we find that 

j^l-v2/c2 - 1 + 1/2 ^2 + 3/8 + 5/16 ^6 + 35/128 4 + .... 
' c c c 

a) Show, by simple substitution, that when 

V 

— is less than 0.1, the values of the terms 

drop off so rapidly that only the first few 
terms need be considered. 

b) The greatest speeds of man-sized objects are 

rarely more than 3,000 m/sec, so ^ is less than 

c 

10" ^. Subs titute the series expression for 
lM-v2/c2 into the relativistic formulas. 



/1-v^/c^ 



and 



K£ 



2 ? 
mc* - m^c^ 



and cross off terms which will be too small to 
be measurable. What formula would you use for 
momentum and kinetic energy in describing the 
motion of man-sized objects? i « 

20.4 According to relativity theory, changing the energy of a 
system by AE also changes the mass of the system by Am ■ AE/c^ . 
Something like 10^ joules per kilogram of substance are commonly 
released as heat energy in chemical reactions. 

a) Why then aren't mass changes detected in chemical 
reactions? -fg^ 5rM<»H 

b) Calculate the mass change associated with a change 
of energy of 10^ joules. \,\^\0'^^ kg 

The speed of the earth in its orbit is about 18 miles/sec 
10** m/sec). Its "rest" mass is 6.0 x 102'* kg. 
a) What is the kinetic energy (ijm^v^) of the earth in its 
orbit? OJxio 



20.5 

(3 X 



b) 
c) 

d) 



What is the mass equivalent of that kinetic energy? 3<7xl<?'^koi 
By what percentage is the earth's "rest" mass ^ 
increased at orbital speed? SyCiC'^ ^ 
Refer back to Unit 2 to recall how th6*mass of the 
earth is found; was it the rest mass or the mass 
at orbital speed? 

20.6 In 1926, Sir John Squire proposed the following concinuation 
of Pope's verse on Newton: 

Pope: Nature and Nature's laws lay hid in night 

God said, 'Let Newton bel' and all was light. 

Squire: It did not last: The Devil howling 'Ho, 

Let Einstein be,' restored the status quo. 

What does this <nean, and do you agree? * . 
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20.7 In relatlvlstlc raech^.^ics the foimula p - rov still holds, 

but the mass m is given by m » m /✓l-v2/c2. The rest mass of an 
electron Is 9a x lO'^l kg* 

a) What Is Its motnentum when it is moving down the 
axis of a linear accelerator from left to right ' SxlO ' fCa^l^/sec 
at a speed of 0»A c with respect to the accelerator 
tube? 

b) What would Newton have calculated for the motnentum I t k 10'^* ka» m /scc 
of the electron? ^ 

c) By how much would the relatlvlsclc momentum Increase ^ a wiO*"^ i^/c-^ 
If the speed of the electron were doubled? W 4. xiv r>.g.mpcc 

d) What would Newton have calculated Its change In 
momentum to be? | | x (C? "* kg . m^y^c 



20.8 Calculate the momentum of a photon cf wavelength AOOO A. 1.7 X l<7 "^^k^ 
How fast would an electron have to move in order to have the same 

momentum? f.-^f ^ (O ^ m^sec 

20.9 What explanation would you offer for the fact that the wave 
aspect of light was shown to be valid before the particle aspect 
was demonstrated? ^;scuSs\on 

20.10 Construct a diagram showing the change that occurs in the ^'^^ 
frequency of a photon as a result of its collision with an electron. 

20.H The electrons which produced the diffraction photograph on 
p. 109 had de Broglie wavelengths of 10"^° meter. To what speed 
must they have been accelerated? (Assume that the speed is small 
coiq)ared to c, so that the electron mass is ~ 10"^^ kgO ^.^/<lO* 

20.12 A billiard ball of mass 0.2 kilograms moves with a speed ot 
1 meter per second. What is its de Broglie wavelength? 3.JxiO'^^ 

20.13 Show that the de Broglie wavelength of a classical particle 
of mass m and kinetic energy KE is given by 



,yrx 



/sec 



/2m(KE) 



Wliat happens when the mass is very small and the speed is very 
great? ^ bec^me^s Urge** 

20.14 Suppose that the only way you could obtain information about 
the world was by throwing rubber balls at the objects around you 
and measuring their speeds and directions of rebound. What kinds 
of objects would you be unable to learn about? afSCUMIon 

20.15 A bullet can be considered as a particle having dimensions 
approximately 1 centimeter. It has a mass of about 10 grams and 
a speed of about 3 x 10** centimeters per second. Suppose we can 
measure its speed to within one part of 10**. What is the corres- 
ponding uncertainty in its position according to Heisenberg's 
principle? 3</<?'^'Kn 

20.16 Show that if Planck's constant were equal to zero, quantum 
effects would disappear and particles would behave according to 
Newtonian p^./sics. What effect would this have on the properties 
of light? discuworx 

20.17 Bohr once said, 




If one does not feel a little dizzy when discussing the 
implications of Planck's constant h it means that one 
does not understand what one is talking about. 



What might he have meant? (Refer to examples from Chapters 18, 19 

and 200 Do you agree with Bohr's reaction? ' dticusslcn 



20.18 A particle confined in a box cannot have a kinetic energy less 
than a certain amount; this least amount corresponds to the longest 
de Broglic wavelength which produces sta'.ding waves in the box; that 
is, the box size is one-half wavelength. For each of the following 
situations find the longest dc Broglie wavelength that would fit in 
the box; then use p • h/X to find the mooentna p, ard use p - mv to 
find the speed v. 

a) a dust particle (about 10"^ kg) in a display case 
(about 1 m across)* 

b) an argon atom (6.6 x 10*26 j^gj ^ light bulb 
(about 10"^ m across). 

c) a protein molecule (about 10^^^ kg) in a bacterium 
(about 10'^ m across). 

d) an electron (about 10-^0 kg) in an atom (about 10"10m 
acrofts) « 

20.19 Some philosophers (and sone physicists) have claimed that the 
Uncertainty Principle proves that there is free will. Do you think 
this extrapolation from atomic phenomena to the world of animate 
beings is Justified? Discuss* 

dtscussion, 

20.20 a physicist has written 

It is enough that quantuta mechanics predicts the average 
value of observable qiantltles correctly. It is not 
reftlly essential that t.h^ mathematical symbols and pro- 
cesses correspond to acme intelligible physical picture 
of the atomic world. , . 

wscuse'iort 

Do you regard such a statement as acceptable? Give reasons. 

20.21 The great French physicist •'*<erre Laplace (17A8-1827) wrote, 
Given for one instant an intelligence which could com- 
prehend all the forces by which nature is animated and 

the respective situation of the beings who compose it — 
an intelligence sufficiently vasr, to submit these data 
to analysis — -it would embrace in the same formula the 
movements of the greatest bodies of the universe and 
those of the lightest atom; for it, nothing would be 
uncertain and the future, as the past, would be present 
to its eyes. A Philosophical Essay on Probabilities . 

Is this statement consistent wltK^moSern physical theory? 

20.22 In Chapters 19 and 20 we have seen that it is Inipoaslble to 
avoid the wave-particle dualism of light and matter. Bohr has 
coined the word complementarity for the situation In which two 
opposite views seem equally valid, depending on vhich aepect ot 

a phenomenon one chooses to consider. Can you think of situations 
in other fields (outside of atomic physics) to which this idea 
might apply? , 

dtccuss'tott 

20.23 In Units 1 through 4 we discussed the behavior of 
large-scale ^'classical particles" (for example, tennis 
balls) and "classical waves" (for example, sound waves), 
that is, of particles and waves that in most cases can 

be described without any use of ideas such as the quancum 
of energy or the de Broglie matter-wave. Does this mean 
that there is one sort of physics ("classical physics") 
for the phenomena of the large-scale world and quite a 
different physics ("quantum physics") for the phenomena 
of the atomic world? C^- does it mean that quantum physics 
really applies to all phenomena but Is not distinguishable 
for classical physics when appHed to large-scale particles 
and waves? What arguments or examples would you use to 
defend your answer? 




a 



b 
d 



p s 3 2 X lo ' kg. •^/sec 

V ^ 3Z Kio"^^ m{sec 

V =r 5x lo m/scc 



/see. 
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Epilogue We have traced the concept of the atom from the 
early ideas of the Greeks to the quantum mechanics now gener- 
ally accepted by physicists. The search for the atom started 
with the qualitative assumptions of Leucippus and Democritus 
who thought that their atoms offered a rational explanation 
of things and their changes. For many centuries most natural 
philosophers thought that other explanations, not involving 
atoms, were more reasonable. Atomism was pushed aside and 
received only occasional consideration until the seventeenth 
century. With the growth of the mechanical philosophy of 
nature in the seventeenth and eighteenth centuries, particles 
(corpuscles) became important. Atomism was reexamined, 
mostly in connection with physical properties of matter. 
Boyle, Newton and others speculated on the role of particles 
in the expansion and contraction of gases. Chemists specu- 
lated about atoms in connection with chemi^ change. Final- 
ly, Dalton began the modern development of atomic theory, 
introducing a quantitative aspect that had been lacking — the 
relative atomic mass. 

Chemists, in the nineteenth century, found that they 
could correlate the results of many chemical experiments in 
tenns of atoms and molecules. They also found a system in 
the properties of the chemical elements. Quantitative in- 
formation about atomic masses provided a framework for the 
system — the periodic table of Mendeleev. During the nine- 
teenth century, physicists developed the kinetic theory of 
gases. This theory — based on the assumption of very small 
corpuscles, or particles, or molecules, or whatever else 
they might be called — helped strengthen the position of the 
atomists. Other work of nineteenth-century physics helped 
pave the way to the study of the structure of atoms, although 
the reasons for this work had no direct connection with the 
problem of atomic structure. The study of the spectra of 
the elements and of the conduction of electricity in gases, 
the discovery of cathode rays, electrons, and x rays, all 
eventually led to the atom. 

Nineteenth-century chemistry and physics converged, at the 
beginning of the twentieth century, on the problem of atomic 
structure. It became clear that the uncuttable, infinitely 
hard atom was too simple a model: that the atom itself is 
made up of smaller particles. And so the search for a model 
with structure began, of the early models, that of Thomson — 
the pudding with raisins in it — attracted much interest; but 
it was inadequate. Then came Rutherford's nuclear atom, with 
its small, heavy, positively charged nucleus, surrounded, 
somehow, by negative charges. Then the atom cf Bohr, with 



its electrons moving in orbits li'te planets in a miniature 
solar system. The Bohr theory had many successes and linked 
chemistry and spectra to the physics of atomic structure. 
But then the Bohr theory fell, and with it the easily 
grasped pictures of the atom. There is an end — at least for 
the present — to the making of simple physical models. Now 
is the time for mathematical models, for equations, not for 
pictures. Quantum mechanics enables us to calculate how 
atoms behave; it helps us understand the physical and chemi- 
cal properties of the elements. What we used to call "atomic 
physics," Dirac now calls "the theory of chemistry," pre- 
sumably because "chemistry" is that which is understood, 
while physics still has secrets. 

The next stage in our story is the nucleus of the atom. 
Is it uncuttable? Is it infinitely hard? Or is the nucleus 
made up of smaller components? Do we have to worry about 
its composition and structure? 
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Brief Answers to Study Guide 
Chapter 17 

17.1 80.3% zinc 
19.7% oxygen 

17.2 47.9% zinc 

17.3 13.9 X mass of H atom 
same 

17 .4 986 g nitrogen 
214 g hydrogen 

17.5 9.23 X mass of H atom 

17.6 (a) 14.1 

(b) 28.2 

(c) 7.0 

17.7 Discussion 

17.8 Na:l 
Ca:2 
Al:3 
Sn:4 

P:5 

17.9 (a) Ar-K 

Co-Ni 
Te-I 
Th-Pa 
U-Np 
Es-Fm 
Md-No 
(b) Discussion 

17.10 Discussion 
17 . 11 Discussion 

17.12 0.113 g hydrogen 
0.895 g oxygen 

17.13 (a) 0.05 g zinc 

(b) 0.30 g zinc 

(c) 1.2 g zinc 

17.14 (a) 0.88 g chlorine 

(b) 3.14 g iodine 

(c) Discussion 

17 . 15 Discussion 
17 . 16 Discussion 

17 . 17 Discussion 

17.18 Discussion 



Chapter 18 

18.1 (a) 2,0 X io7 m/sec 
(b) 1.8 X loll coul/kg 

18.2 Proof 

18 . 3 Discussion 

18.4 Discussion 

18.5 1,5 X lO^** cycles/sec 
ultraviolet 

18.6 4 X 10"!^ joules 
4 X 10"1Q joules 

18.7 2.6 X 10"!^ joules 
1,6 eV 



18.8 4.9 X iQi** cycles/sec 

18.9 (a) 2.5 X 102 0 photons 

(b) 2.5 photons/sec 

(c) 0.4 sec 

(d) 2.5 X 10-^-^ photons 

(e) 0.1 amp 

18.10 1.3 X 1017 photons 

18.11 1.2 X 1013 cycles/sec 

18.12 Discussion 

18.13 1.2 X 105 volts 
1.9 X lo-l** joules 
1.2 X lo5 eV 

18.14 Glossary 

18.15 Discussion 



Chapter 19 

19 . 1 Discussion 

19.2 Five listed in text, but 
theoretically an infinite 
number. Four lines in 
visible region. 

19.3 n^ = 8 3880 A 



n^ = 10 3790 A 
n^ = 12 3730 A 
Discussion 
19.^ (a) Discussion 

(b) n. =00 

^ o 

(c) Lyman series 910 A 

o 

Balmer series 3650 A 

o 

Paschen series 8200 A 

(d) E = 21.8 X 10-1^ joules 
E = 13.6 eV 

19.5 Discussion 

19.6 Discussion 

19 . 7 Discussion 

19.8 Ratio = lO"** 

19.9 3.5 meters 

19.10 Discussion 

19.11 Discussion 

19.12 Discussion 

19.13 Discussion 

19.14 Discussion 

19.15 Z = 36, Z = 54 

19.16 Glossary 

19.17 Discussion 

19.18 Discussion 



Chapter 20 

20.1 0.14 c or 4.2 x 10^ m/sec 
3.7 X 10"^ newtons 



20.2 
20.3 

20.4 
20.5 



20.6 
20.7 



20.8 



o 



and m v 
o 



(a) changes are too small 

(b) 10-^2 J^g 

(a) 27 X 1032 joules 

(b) 3 X 10^6 kg 

(c) 5 X io~7 % 

(d) Rest mass 

Discussion 

(a) 1.2 X 10""22 kg. m/sec 

(b) 1.1 X 10""22 kg-m/sec 

(c) 2.4 X 10"'22 kg-m/sec 

(d) 1.1 X 10"*22 kg-m/sec 

p = 1.7 X 10"*27 kg'm/sec 
V = 1.9 X 103 m/sec 



20 . 9 Discussion 

20.10 Diagram 

20.11 6.6 X 10^ m/sec 



20.12 
20.13 
20.14 
20.15 
20.16 
20.17 
20.18 



10' 



•3 3 



3.3 

Proof 

Discussion 

Ax = 3.3 X 10""31 

Discussion 

Discussion 

(a) 2 m, 

(b) 0.2 m. 



3.3 
3.3 



(c) 
(d) 



2 X 10"6 m, 
2 X 10-10 m, 



10""2^ 

10" 

10"28 

10 



kg 'm , 

sec 

^ ^ kg 'm , 
sec 



kg Mn_, 
sec 

2** kg -m i 
sec 



3.3 X 10"25 
5 X 10 ~ 
3.3 X 



m 
sec 



3.3 



_5L- 
sec 

10'^ m 
sec 

10^ m 
sec 



20.19 
20.20 
20.21 
20.22 
20.23 



Discussion 
Di-cussion 
Discussion 
Discussion 
Discussion 
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Answers to End of Section Questions 
Chapter 17 

Ql Ihe atoms of any one element are identical 
and unchanging. 

Q2 conservation of matter; the constant ratio 
of combining weights of elements 

Q3 no 

It was the highest known element — and others 
were rough multiples. 

Q5 relative mass; and combining number, or 
"valence" 



Q6 



2,3,6,1,2 



Q7 density, melting point, chemical activity, 
valence 



Q8 



atomic mass 



Q9 when the chemical properties clearly suggested 
a slight change or order 

QIO Sometimes the next heavier element didn't have 
the expected properties — but did have the proper- 
ties for the next space over. 

Qll its position in the periodic table, determined 
by many properties but usually increasing 
regularly with atomic mass 

Q12 Water, which had always been considered a 
basic element, and had resisted all efforts at 
decomposition, was easily decomposed. 

Q13 New metals were separated from substances 
which had never been decomposed before. 

Q14 the amount of charge triinsferred by the 
current, the valence of the elements, and the 
atomic mass of the element 



Chapter 18 

Ql They could be deflected by magnetic and elec- 
tric fields. 

Q2 because the mass is 1800 times smaller 

Q3 (1) Identical electrons were emitted by a 
variety of materials; and (2) the mass of an 
electron was much smaller than that of an atom. 

Q4 All other values of charge he found were 
multiples of that lowest value. 

Q5 Fewer electrons are omitted, but with the 
same average energy as before. 

Q6 The average kinetic energy of the emitted 
electrons decreases until, below some frequency 
value, none are emitted at all. 



Q7 The energy of the quantum is proportional to 
the frequency of the wave, E ■ hf. 

Q8 The electron loses some kinetic energy in 
escaping from the surface. 

Q9 The maximum kinetic energy of emitted elec- 
trons is 2.0 eV. 

QIO When x rays passed through material, say air, 
they caused electrons to be ejected from mole- 
cules, and so produced + ions. 

Qll (1) not deflected by magnetic field; (2) show 
diffraction patterns when passing through crys- 
tals; (3) produced a pronounced photoelectric 
effect 

Q12 (1) diffraction pattern formed by "slits" 
with atomic spacing (that is, crystals); (2) 
energy of quantum in photoelectric effect 

Q13 For atoms to be electrically neutral, they 
must contain enough positive charge to balance 
the negative charge of the electrons they 
contain; but electrons are thousands of times 
lighter than atoms. 



Chapter 19 

Ql It is composed of only certain frequencies of 

light. 

Q2 by heating or electrically exciting a gas 

(However, very dense gas, such as the insides 
of a star, will emit a continuous range of light 
frequencies.) 

Q3 Certain frequencies of light are missing. 

Q4 by passing light with complete range of fre- 

quencies through a relatively cool gas 

Q5 none (he predicted that they would exist 

because the mathematics was so neat.) 

Q6 careful measurement and tabulation of data 

on spectral lines 

Q7 They have a positive electric charge and are 

repelled by the positive electric charge in 
atoms . 

Q8 Rutherford's model located the positively 

charged bulk of the atom in a tiny nucleus — In 
Thomson's model the positive bulk filled the 
entire atom. 

Q9 the number of positive electron charges in 

the nucleus 

QIO 3 positive units of charge (when all 3 elec- 
trons were removed) 

Qll Atoms of a gas emit light of only certain 
frequencies, which implies that each atom's 
energy can change only by certain amounts. 
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Q12 none (He assumeci that electron orbits could 
have only certain value, of angular momentum, 
which implied only certain energy states.) 

Q13 Bohr derived his prediction from a physical 
model, from which other predictions could be 
made. Balmer only followed out a mathematical 
analogy . 

QIA (a) 4.0 eV (b) 0.1 eV (c) 2.1 eV 

QI5 The electron arrangements in noble gases ate 
very stable. When an additional nuclear charge 
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Q16 It predicted some results that disagreed with 
experiment.; and it predicted others which could 
not be tesr.ed in any known way. 

Chapter 20 

Ql It increases, without limit. 

Q2 It increases, approaching ever nearer to a 
limiting value, the speed of light. 

Q3 Photon momentum is directly proportional to 
the frequency of the associated wave. 

Q4 That the idea of photon momentum is consistent 
with the experimental results of scattering of 
X rays by electrons. 

Q5 by analogy with the same -relation for phor.ons 

Q6 The regular spacing of atoms in crystals is 
about the same as the wavele::igth of low-energy 
electrons . 

Q7 Bohr invented his postulate just for tbe pur- 
pose. Schrodinger' s equation was derived from 
the wave nature of electrons and explained many 
phenomena other than hydrogen spectra. 

Q8 It is almost entirely mathematical — no physical 
picture or models can be made of it. 

Q9 It can. But less energetic photons have 

longer associated wavelengths, so that the loca- 
tion of the particle becomes less precise. 

QIO It can. But the more energetic photons will 
disturb the particle more and make measurement of 
velocity less precise. 

Qll ...probability of quanta arriving. 

Q12 As with all probability laws, the avor age be- 
havior of a large collection of particles can be 
predicted with great precision. 
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Overview of Unit 5 

Evidence which supports an atomic 
theory of matter is presented m the 
first half of this unit. There is no 
single experiment upon which atomic 
theory is based. Rather, a number of 
experimental data, like the inter- 
locking pieces of a puzzle, provide 
the basis for the theory. 

The internal structure of the atom 
is the subject of Chapters 18 and 19. 
The experiments of Thomson, Millikan 
and Rutherford, along with Einstein's 
quantum interpretation of the photo- 
electric effect, set the stage for 
the Bohr model of the atom,- The Bohr 
model was successful m correlating 
much of the data that had accumulated 
by 1913. 

Chapter 20 surveys the quantum 
theory of matter which followed the 
failure of the Bohr theory.. 



Experiment s 

E39 The charge-io-mass raiio for an eleciron 

E40 The measurement of elementary charge 

E41* Electrolysis 

E42* Photoelectric effect 

E43* Spectroscopy 



Loops 

LA6 Production of sodium by electrolysis 
LA7 ThoTison model of the atom 
3L48 Rutherford scattering 



Reader Articles 

RI Failure and Success 

R2 Structure, Substructure,^ Superstructure 

R3 The Island of Research 

R4 The 'Thomson' Atom 

R5 Einstein 

R6 Mr. Tompkins and Simultaneity 

R7 Mathematics and Relativity 

R8 Reiat ivity 

R9 Parable ;f the Surveyors 

RIO Outside and Inside the Elevator 

Rll Einstein and Some Civilized Discontents 

Ri2 The Teacher and the Bohr Theory of the Atom 

R13 The New Landscape of Science 

R14 The Evolution of the Physicist's Picture of 

Nature 

Ri5 Dirac and Born 

R16 I Am This Whole World: Erwin Schrluinger 

R17 The Fundamental Idea of Wave Mechanics 

R18 The Sentinel 

R19 The Sea-Captain's Box 

R20 Space Travel: Problems of Physics and 

Engineering 

R21 Looking for a New Law 



Transparencies 

T35 Periodic table 

T36 Photoelectric mechanism 

T37 Photoelectric equation 

T38 Alpha scattering 

T39 Energy levels — ^Bohr theory 



Demonstrat ions 

D53 Ele:trolysis of water 

D54 Charge-Co-mass ratio for cathode rays 

D55 Photoelectric effect 

D56 Biackbody radiation 

D57 Absorption 

D58 Ionization Potential 



Films 

F35 Definite and multiple proportions 

F36 Elements, compounds and mixtures 

F37 Counting electrical charges in motion 

F38 Millikan experiment 

F39 Photoelectric effect 

F40 The structure of atoms 

F41 Rutherford atom 

742 A new reality 

F43 Franck-Hertz experiment 

F44 Interference of photons 

F45 Matter waves 

Light: wave and quantum theories 
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Details of tne Multi-Media Schedule 



Day 1 

Lab stations: Law of Multiple Proportions 

1. mechanical models of cnemical com- 
pounds (See CHEM study materials.) 

2. : other mechanical models 

3. film loop #46, Production of Sodium 
by Electrolysis 

4. Pass current tnrough very weak 
H2S0^ solution. Measure ratio of 
volumes of gases produced. 

5. Dalton's Puzzle (See student hand- 
book . ) 

6. Cigar-box "molecules" (See student 
Handbook or CHEM Study Experiment.) 



Day 2 

Film: Definite and Multiple Proportions 
(PSSC) #0110 (30 mm) 

This film is used to tie togetner ideas 
introduced on Day 1 and hence does not 
require elaborate follow-up discussion. 

The rest of the class period is spent 
solvin9 problems. See end of Chapter 17 
for examples. 



Day 3 

Experiment 41: Electrolysis of Metals 
Teacher or students gather data in ad- 
vance. Experiment is shown qualitativelv 
during class and calculations made from 
previout> data. 



Day 5 

Lecture demonstration of cathode rays 
and Thomson q^/m experiment. Treatment 
will vary with equipment available. A 
good ending for the class might be the 
film loop on the Thomson atom (KPP #47) . 



Day 6 

Experiment 40: Measurement of Elementary 
Charge 

Have Millikan apparatus set up m ad- 
vance. Students spend first 15 to 20 
minutes with apparatus. Since adequate 
data is difficult to obtain m a short 
time, data from previous experiments 
or from Teacher Guide may be given out. 
Students try to find q. 



Day 7 

Film: Millikan Experiment PSSC #0404 

Show first 15 minutes of the film up to 
point where charge is cnanged by x-ray 
bombardment. Stop the film at tnat point 
and discuss oriefly. 

Teacher presentation: Introduction to 
Photoelectric Effect 



Day 8 

Lab Stations: Photoelectric Effect 
(Experiment 42) 

Set up 3 or 4 stations using project 
Physics amplifiers and photoelectric 
tubes. Half the class spends half tne 
period gathering data. 

Set up 3 or 4 stations using an electro- 
scope and zinc plate. Charge the elec- 
troscope and shine light on the plate. 
Measure the rate of discharge. (A simi- 
lar experiment is written up in PSSC.) 
Half the class spends half the hour on 
this, then rotates to Project Physics 
apparatus . 



Day 11 

Lab Stations: Observing spectra 

Students observe and make notes aescrib- 
ing spectra from 

1) incandescent lamp 

2) neon lamp 

3) hydrogen capillary tube 

4) helium capillary tube 

5) sodium vapor in flame 

6) fluorescent tube 



Day 12 

Spectra continued 

Students are issued photographs (See 
Experiment 42) of spectra and asked to 
calculate wavelengths and identify ele- 
ments. Photographs may be taken in ad- 
vance by an interested student. 



Day 13 

Teacher presentation 

1) Thomson model of the atom 

2) Rutherford's experiment 

3) Rutherford's model of the atom 

See Teachv-r Guide for demonstrations. 



Day 17 

Small-group library research on topics 
related to Unit 5 

Some examples: 



Multi-Media 



1) special theory of relatis^ity 

2) De Broglie waves 

3) wave-particle dualism 

4) Compton effect 

5) uses of spectra m astronomy 



Day 19 

Small groups prepare presentations of 
research material to class • 

Encourage students to effectively com- 
municate ideas that tney have researched. 
Dramatizations, readings, and use of 
audio visual aids will add interest, and 
allow all students to participate. 
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Lach block represents one aay of classroom actjMty a;.a implies a 50-injr.aie poiiod. 
The words an eacn block indicate only the basic material unaer consiaeration . 
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Chapter 17 Experiment Summaries 



Summaries and Equipment: Unit 5 

Some of the equipment used m these 
experiments is more expensive than that 
used in earlier units. The Project is 
not able to supply enough equipment to 
enable each group of students to do the 
experiment at the same time. It will 
therefore be necessary to "rotate" the 
students,, so that some are using the 
Millikcin apparatus while others are do- 
ing the experiment on the photoelectric 
effect, and others are photographing 
the Balmer spectrum. 



E41*: Electrolysis Effect 

The cathode is suspended from the arm 
of a balance, and its increase in mass 
IS determined without removing it from 
the plating bath. Students already know 
the value of from the previous experi- 
ment. The results of this experiment — 
mass of copper deposited when a known 
quantity of charge passes — can be used 
to calculate the mass of a single copper 
atom. 

Equipment (for details see Teacher Guide 
notes to the experiment itself) 

500 or 600 ml beaker 

Copper sheet 

Balance — equal arm or triple beam 

Saturated solution of copper sul- 
fate m distilled water, with two 
or three drops of concentrated 
sulfuric acid 

6-volt 5-amp dc power supply 

Ammeter 0-5 or 0-10 amps dc 

Rheostat or variable autotrans- 
f ormer 

Fine copper wire and clips 
Hook-up wire 
Stopwatch (optional) 
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Chapter 18 Schedule Blocks 

Ljcn block represents one day of classroom activity and i:r.i,.lies a 30-minuto ycr^ 
The words in each block indicate only the basic material un^ev consiaoration . 
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Chapter 18 Experiment Summaries 



E39- The Charge-to-Mass Ratio for 
an Electron 



E42': Photoelectric Effect 



St,uJ.ciits use their "horae-rr^ado " elec- 
tron- hear, tubes (LxL^eriment 37) to 
repeal J. J. Thomson's classic experi- 
nont. Results for q^/m should bewithin 
an order of maanitude of the accepted 
va lue . 

rqu ipmcnt 

Llectron-beam tube that gives at least 
5 cm visible beam (from 1:37) 

Vacuum pump, power supply, hook-up 
wire as m i:37 

Cardboard tube, about 3" diameter 
and 6" long 

Copper maqnet wire (anythinq 
between 18 and 28 qauge can be 
used ) 

Current balance and all accessories 
(power supply, ammeter, etc.) for 
calibration of magret 



E40*: The Measurement of Elementary 
Charge (Millikan Experiment) 

This modification of Millikan's 
experiment jlo used to measure the 
charges on tiny latex spheres electri- 
cally suspended between parallel charged 
plates. The charge on the electron 
may be deduced from the data. 

Equipment 

Project Physics Millikan Apparatus,, 
complete 

Suspension of latex spheres in 
water 

Power supply 6V, 5A for light 
source 

Power supply 200 to 250V dc 
Voltmeter 0-250V dc 



This exoorirent aivcs evidence th.st 
the wave model of liaht is inavic\-:uate . 

The oxoeriment sl^.ous th^it the kinoti 

energy of photoe Icctrons knocked out of 

a photosensitive surface depends on the 
color of the incident liqht. 

The experiment then gocc on to shc\% 
that the maxirr.um kinetic energy of the 
electrons is a linear function of the 
freauency of the incident liqht. A 
qraT>h of enerqy aaams t f rv^nuoiicv i s a 
straight line whose slope (as found by 
precise measurements) is Planck's con- 
stant h. Measurements of h m tins 
experiment are within an order of iraq- 
nitude of tne accepted value h — -6.6 2 • 
10 "" * ]oule • sec . 

Equ ipmen t (for more details see Teacher 
Guide notes to the experiment itself) 

Pnototube unit 

Ampli fie r /power-supply 

Loudspeaker, earphonos or CKO 
(or microammeter) 

Colored fi Iters 

Light source — mercury lamp,, or 
fluorescent or incandescent lanip 

( voltmeter 0-2. 5V dc) 



Chapter 19 Schedule Blocks 
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Chapter 19 Experiment Summaries 



E43*: Spectroscopy 

a) Students observe as \<ide a variety 

of spectra as possii^le: continuous, line, 

absorption, etc. 

h) They photograph the Balner spectrun 
of hydrogen and calculate the spectral 
wave lenath . 

c) They Can use these wave lengths tc 
calculate the Rydberg constant for ny- 
droaen , or tc *T.ake an energy- level 
diaarar for the hydrogen atorr. 

Lquip nen t 

Peolica gratings or "speotranatics" 
or other "take -home" pocket spectro- 
scocos . 

Sources of line and continuous 
spectra sucn as: 

a ) incandescent lanp , ideally 
(for Part 2) supoiied through 
a variable trar.s f orrr.er 

b) spectral tubes 

c) flames, including Bunsen burner 
With various metallic salts 
added 

d) fluorescent lamp 

e) Balner tube (atomic hydrogen) with 
power supply. If you use the 
Macalaster VSC1300 here be sure 

to renove the 6.8 megohm resistor 
taped to its output. Macalaster 
=1 350 spectrum tube power supply 
needs no aJteration. 

Polaroid camera (type 002, 95, 150, 
or 600) and film, (black-and-white, 
3O00 speed) 
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Chapter 20 Schedule Blocks 

Thfwoi^f classroom activity and implies a 50-minute periou, 

Tne words in eacn block indicate onJ^ the basic material under consideration: 
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Brief Answers to Unit 5 Study Guide 
17.1 



17.2 
17.3 

17.4 

17.5 
17.6 

17.7 
17. 8 



80.3% zinc 
19.7% oxygen 

47.9% zinc 

13.9 ^ mass of H atom 
same 

986 g nitrogen 
214 g hydrogen 

9.23 •< mass of H atom 



(a) 14.1 

(b) 28.2 

(c) 7.0 

Discussion 

Na:l 
Ca:2 
Al:3 
Sn :4 
P:5 

17.9 (a) Ar-K 

Co-Ni 
Te-I 
Th~Pa 
U-Np 
Es-Fm 
Md-No 
(b) Discussion 

17.10 Discussion 

17.11 Discussion 

17.12 0.113 g hydrogen 
0.895 g oxygen 

17.13 (a) 0.05 g zinc 

(b) 0.30 g zinc 

(c) 1,2 g zinc 

17.14 (a) 0.88 g chlonne 

(b) 3.14 g iodine 

(c) Discussion 

17.15 Discussion 

17.16 Discussion 

17.17 Discussion 

17.18 Discussion 



18.1 

18.2 
18.3 
18.4 
18.5 

18.6 

18.7 



(a) 
(b) 



0 



10^ m/sec 
10 ^ ' coul/kg 

Proof 

Discussion 
Dis cussion 

1.5 ^ 10^^ cycles/sec 
ultraviolet 

4 X 10- joules 
4 < 10-i 3 joules 

2.6 ^ 10- joules 
1.6 eV 



18. 8 
18.9 



4.9 X 

(a) 2 

(b) 2, 

(c) 0, 

(d) 2. 



10 i 



cycles/sec 



(e) 0.1 amp 



5 ^ 10- ^' photons 
5 photons/sec 
4 sec 

10- i ^ photons 



18.10 1.3 

18.11 1.2 



10^ ^ photons 
lOl^ cycles/sec 



18.12 Discussion 



18.13 1.2 
1.9 
1.2 



10^ volts 
10~^^ joules 
10 5 eV 



19.3 



19,4 



n . 
1 



18.14 Glossary 

18.15 Discussion 



l^^.l Discussion 

19.2 Five listed m text, but 
theoretically an infinite 
number. Four lines m 
visible region. 

8 3880 A 

10 3790 A 

= 12 3730 A 

Discussion 

(a) Discussion 

(b) n^ = 

(c) Lyman series 910 A 

o 

Balmer series 3650 A 

o 

Paschen series 8200 A 

(d) E = 21.8 X 10"^ ^ joules 
E = 13.6 eV 

19.5 Discussion 

19.6 Discussion 

19.7 Discussion 

19.8 Hatio = 10-'* 

19.9 3.5 meters 

19.10 Discussion 

19.11 Discussion 

19.12 Discussion 

19.13 Discussion 

19.14 Discussion 

19.15 2 = 36 , 2 = 54 

19.16 Glossary 
15". 17 Discussion 
19.18 Discussion 
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20.1 0.14 c or 4.2 x 10 m/sec 

20.2 3.7 X 10-1^ newtons 

20 . 3 m and m v 

o o 

20.4 (a) changes are too small 
(b), 10-1^ kg 

20.5 (a) 27 x 10^^ joules 

(b) 3 X 10^^ kg 

(c) 5 X 10-^ % 

(d) Rest mass 

20.6 Discussion 

20.7 (a) 1.2 X 10-22 kg. m/sec 

(b) 1.1 X 10-22 kg. m/sec 

(c) 2.4 X 10-22 kg-m/sec 

(d) 1.1 X 10-^2 kg-m/sec 

20.8 p = 1.7 X 10-27 kg-m/sec 
V = 1.9 X 10^ m/sec 

20.9 Discussion 

20.10 Diagram 

20.11 6.6 X 10^ m/sec 

20.12 3.3 X 10-33 ni 

20.13 Proof 

20.14 Discussion 

20.15 AX = 3.3 X 10-31 m 

20.16 Discussion 

20.17 Discussion 

20.18 (a) 2 m, ■ 3.3 x 10-2^ kg-m/sec, 3.3 x lO'^ 5 m/sec 

(b) 0.2 3.3 X 10-^3 kg-m/sec, 5 x lO'^ m/sec 

(c) 2 X 10"^ m, 3.3 X 10-29 kg-m/sec, 3.3 x lo-^ sec 

(d) 2 y 10"^° m, 3.3 x 10-2^ kg-m/sec, 3.3 x lo ^ m/sec 

20.19 Discussion 

20.20 Discussion 

20.21 Discussion 

20.22 Discussion 



Solutions to Chapter 17 Study Guide 
17.1 

The atomic mass of zinc is listed as 65.4 
units and oxygen as 16.0. Therefore, the mass 
of a combination of 1 zinc atom and 1 oxygen 
atom is:- 

65.4 + 16.0 = 81.4 
(zinc) (oxygen) (zinc oxide) 

The percentage of zinc in the combination is 
the fraction of zinc times iOO: 

65.4 

TTT ^ 100 = 80.3% zinc. 

Therefore, the percentage of oxygen is (100 - 
80.3)7. = 19.7%. 



17.2 

As in problem 17.1, the molecular mass for 
the compound is computed from the atomic masses 
listed: 

65.4 + 2(35.5) = 136.4 
(zinc) (chlorine) (zinc chloride) 

The percentage of zinc is therefore 
IJU^ 100 = 47.9%. 



Study Guide 
Chapter 17 

hydrogen. This ratio will be the same for any 
quantity of anmonia. Therefore, 

4.11 g nitrogen _ x g nitrogen 
5.00 g ammonia ~ 1200 g ammonia 

X = 986. 

With this quantity of nitrogen, 214 g of hydro- 
gen will be needed to form 1200 g (1.2 kg) of 
ammonia. 



17.5 

The ratio of NKo would ber^ 



mass of N atom = j ^ q'q^ ^ ^ mass of H atom 
= 9.23 X mass of H atom. 



17.6 

Using an equation similar to (17.4) we have: 

for NO: mass of N in sample ^ 1 ^ 
mass of 0 in sample 1 

mass of N atom 
mass of 0 atom* 



17. 3 

Using an equation similar to (17.^,, we have: 

mass of hydrogen _ mass of H atom 
mass of nitrogen mass of N atom 

y number of H atoms 
number of N atoms* 

Since the mass of nitrogen obtained was 4.11 g, 
the mass of hydrogen is (5.0D - 4.11)g = 0.89 g. 
From the formula NH3, the ratio of number of H 
atoms to number of N atoms is 3/1. Therefore 

0 .89 g _ 2 mass of H atom 
4.11 g 1 ^ mass of N atom 

or mass of N atom = 13.9 x mass of H atom. 
Using values of the atomic masses from the 
modern version of the periodic table yields 
a similar result: 



mass of H 
mass of N 



1.01 
14.0 



1 

13.9* 



17.4 



Problem 17.3 states chat 5.00 g of ammonia 
composed of 4.11 g of nitrogen and 0.89 g of 



mass of N atom 
mass of 0 atom 



0-^7 g 

(l-0.47)g 



0.89. 



for NOo 



mass of N in sample 

mass of 0 in sample 

mass of N p*-om 

mass of 0 atom* 



mass of N atom 
mass of 0 atom 



= 2 X 0.89 



1.78. 



for N 0* mass of N in sample _ 2, 
2 * mass of 0 in san^le " 1 ^ 

mass of N atom _ 1 

mass of 0 atom " 2 ^'^^ 

= 0.445. 

These numbers are the ratios of the atomic 
masses. If oxygen is defined to have an 
atomic mass of 16.00, then the calculated 
atomic mass of N would be: 

(a) for NO: 16 x .89 = 14.1 

(b) for NO2: twice as much or 28.2 
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(c) for NoO; half as much or 7.0. 



17.7 

If the value 1 is assigned to hydrogen the 
value for oxygen will be: 



where positions according to nas^ do not coi- 
respond with the expected posLtionj> according; 
to their properties. If the elements were 
ordered according to increasing atomic i^umber 
(iiuniber of protons in the nucleus) these re- 
versals would still exist, but lose their sig- 
nificance. The atomic numbers are never 
"reversed." 



mass of 0 atom = 



mass of 0 atom 
mass of H atom 



17.10 



mass of H atom = y x 1 = 7. 

And the value for nitrogen will be 

mass of N atom 



mass of N atom = 



mass of 0 atom 
8 



mass of 0 atom = x 7 - 6 



17.8 

If we assign CI the valence of i, then the 
valences of the other elements are: 

sodium: 1 

calcium: 2 

aluminum: 3 

tin:- 4 

phosphorus: 5. 

It should be noted, however, that the informa- 
tion given does not preclude the possibility 
of other valence numbers for the same elements. 



17.9 



(a) The reversals are: 



Elements 
Ar and K 
Co and Ni 
Te and I 
Th and Ps 
U and Np 
Es and Fm 
Md and No 



Atomic Numbers 
18 and 19 
27 and 28 
52 and 53 
90 and 91 
92 and 93 
99 and 100 
101 and 102 



Atomic Mass 
39.9 and 39.1 
58.9 and 58.7 
127.6 and 126.9 
232.0 and (231) 
238.0 and (237) 
(254) and (252) 
(256) and (254) 



(b) If the elements are ordered according to 
increasing mass, then in addition to the gradual 
increase of mass which defines our ordering 
there is a periodic change of chemical and 
physical properties (e. g., of valence and of 
atomic volume). This periodicity is almost 
perfect except for occasional revers^ils (above) 



There is no true periodicity but there are 
noticeable regularities. For example, every 
return to zero valence (at atomic numbers 2, 
10, 18, 36 and 54) is followed by a steady 
rise in valence toward a maximum valence of 7 
(at atomic numbers such as 17, 25, 41 and 53), 
We note that the zero valence elements are the 
inert gases and that they are followed by the 
chemically very active elements Li, Na, K, etc. 
There thus appears to be a significant rela- 
tionship between the valence of the atoms of 
an element and the chemical activity of that 
element. The more active elements have val- 
ences of 1 or 7. The ^-liysical significance 
lies in the electron structure of the atom. 
This will be discussed in Chapters 19 and 20. 

The question of the necessity of this rela- 
tionship is a philosophic one. There have 
appeared in nature very few coincidences which 
had no deeper connection than a chance corre- 
lation. Therefore, physicists tend to believe 
that for every correlation there is *in under- 
lying reason. 



17.11 

Data for both melting and boiling points 
are shown in the graph below. Two regularities 
can easily be seen. There is a trend for boil- 
ing and melting points to increase with increas- 
ing atomic mass. Superimposed on this trend 
is a very pronounced rise and fall of melting 
and boiling point temperature with the same 
periodicity as the Periodic Table — the lowest 
temperatures regularly occurring in the inert 
gases. 



17.12 

Since 96,500 coul will produce 1.008 g of 
hydrogen, a portion of this quantity will pro- 
duce a smaller quantity of hydrogen. A simple 
proportion may be written as follows: (Let x 
represent the number of grams of hydrogen.) 



1.008 g 
96,500 coul 



3 amp ^ 3600 sec 



3 amp / 3600 sec = 10,800 coul 
_ 1.008 g 



96,500 coul 



X 10,800 coul 
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= 0. 113 g hydrogen. 

Ill like manner, a proportion for oxygen is 
set up: 

8 .00 ^ oxVKen _ x 

96,500 coul " 10,800 coul 

X = 0.895 g oxygen. 

Note that the ratio o^ hydrogen to oxygen 
remains the bame: 

1.008/8.00 = 0.112/0.895 = 1/8. 



17.13 

As in problem 17.12, a proportion may be 
set up: 

/^s 32.69 g zinc _ x 

96,500 coul 0.5 amp ^ 300 sec 

X = 0.05 g zinc . 

(b) for 30 min: 

^ ^ 32.69 g zinc k 0.5 amp y 1800 sec 
96,500 coul 

= 0.30 g zinc . 

(c) for 120 min: 

^ _ 32.69 K zinc ^ 0.5 amp x 7200 sec 
96,500 coul 

= 1.2 g zinc 



17.14 

(a) Table 17.4 indicates that 9n,5U0 coirl 
will produce 35.45 g of chlorine. li 2.0 x 
1.2 y 103 coi'l (i. e., 2.0 amp x 1200 sec) are 
used, the following proportion will indicate 
the amount of chlorine produced: 

35.45 g chlorine _ x 

96,540 coul ~ 2.0 amp 1200 sec 

= 0.88 g chlorine. 

(b) Tjble 17.4 does not indicate the 
quantity of iodine that would be produced by 
one faraday of charge. This can be found from 
Faraday* s second law of electrolysis. Since 
iodine has a valence of 1, the amount produced 
by 96,540 coul is 126.9 (atomic mass)/l 
(valence). The proportion is written: 

126.9 g iodine ^ x 

96,540 coul 2.0 amp x 1200 sec 

X = 3. 14 g iodine. 



(c) The quantity of ^mc in part (b) would 
be identical to that produced m part (a) be- 
cause the mass liberated is proportional to 
the amount of charge (Faraday's first law) 
which is the same in both cases. 



17.15 

From Faraday's investigations with electrol- 
ysis, the implication arises that electricity 
is composed of electrically charged discrete 
quantities. Observing that the amount of a 
substance liberated by a given quantity of 
electricity varies from one substance to an- 
other, Faraday concluded that this liberated 
amount is proportional to (1) the total quanti- 
ty of electricity that passes through the 
electrolyte and (2) the chemical equivalent 
"weight" of the substance liberated. It appears 
then, that the released substance can accept 
only certain amounts of electricity and that 
the electricity is able to give up certain 
discrete amounts. Thus, electricity might be 
composed of "atoms" which can unite and become 
an integral part of "chemical atoms." 



17.16 

Students have been told of atoms authorita- 
tively since their earliest grades. Most of 
them accept the notion on faith without ever 
questioning it. However, this question pro- 
vides an excellent opportunity for those f ,w 
"atom skeptics" you may have in your group 
who feel that atoms really don't exist. If 
you allow them to go far enough, these non- 
believers will soon be accepting the existence 
of atoms by means of their own astute reason- 
ing. 

The second portion of the question can be 
employed in demanding clear-cut evidence to 
reinforce and defend the faith of your "atom 
believers." 



17.17 

Modern man finds himself, of necessity, 
deeply involved in the many-faceted society 
of the twentieth century. His ties with poli- 
tical, religious, cultural and c ivic groups 
cemand an intimate and meaningful bond and 
commitment to the ideals and obligations they 
profess. Although still an individual, man 
is firmly an integral part of society and must 
relate conscientiously to the many aspects of 
modern lite by close ties. He must be capable 
of "bonding with multiplicity;" he must be 
"multivalent." 
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17.18 

The idea that matter is composed of atoms 
was proposed by the Greek philosophers 
Empedocies and Democritus between 500 and 400 
B. C. The Greeks in general, devised the 
theory principally in an "arm chair" fashion 
with no attempt at confirming the theory in 
terms of physical experimentation. The esta- 
blishment of a scientific theory Involves more 
than just a "bright idea./' The idea must be 
able to explain known phenomena and to predict 
new phenomena. The Greek theory did not do 
this. 

The experimenters of the nineteenth century, 
by contrast, desired to devise theories which 
would account for the observed properties of 
matter. The explanation or "mental model" 
exists in the mind and should reproduce the 
observed behavior of matter at least approxi- 
mately. In addition, the nineteenth century 
atomic theory included a predictive function 
which would include, possibly, behavior not 
yet observed. When the model does predict as 
well as explain behavior, the theory is treated 
with more confidence. 
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18.1 



(a) Where the effects of the electric and 
magnetic fields cancel, we have 

qE = qvB, or v = |, and 

V V 
since E = "7, v = - : 
d ' Bd * 



so V - 



200 volts 



1.0 ^ 10"^ N ^ 0.01 



amp 'jxi 
= 2.0 X 10^ m/sec 



vol t * amp _ etnl. sec 



(b) When the magnetic field acts alone, a 
circular orbit results, and 



qvB = — , 



5 = 
m BR 
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The initial kinetic energy must equal the work 
done by the electron so 



q Ed 
e 



Now the electron is pushed back toward the 
cathode by the field. When it hits it has 
travelled the same distance d back. The work 
done on the electron is equal to the kinetic 
energy it gains so 



q^Ed = \mv^^ 



Ed 



The initial 



We see that = q 

I ^e 

and final kinetic energies are equal. 

Similar arguments can be made by consider- 
ing the potential energy-kinetic energy int» - 
play, or by considering an arbitrary force 
which depends only on the distance from the 
cathode. 

Some may see intuitively that the energies 
are equal from consideration of the symmetry 
of the electron path. Symmetry arguments 
are occasionally misleading though, and should, 
where possible, be flushed ouL with an argun^ent 
like the one above. 



= 2.0 X 10^ _m_ 

3. sec 



1.0 X 10"3 N X 0.114 / 
amp*^ 

1.8 X iQl Icoul/kg 



18.4 

The light energy is either absorbed by the 
crystal lattice as a whole, increasing its 
thermal energy, or is reflected. 



18.5 



■ -K' '^ _ _^»€c coul \ 

\N-sec k^ kg / 



18.2 

Since 1 amp = 1 coul/sec past a given point, 
we need to show how many basic units of charge 
(electron or proton charges) are equal to one 
coulomb (call n this number of electrons). 
Then n x charge on each electron = 1 coulomb 

or « ^ 1 coul 



1.6 X lO'l 9 coul/electron 



6.25 X iQl 8 electrons. 



18.3 



The final energy = the initial energy. 
Consider the simple case of a uniform electro- 
static field between cathode and anode. Then 
the force on the electron is q E everywhere. 
The electron leaves the plate with some kinetic 
energy. It is slowed by the electrostatic 
field and stops a distance d from the cathode. 



The work function W = hf 

c 

n-1 9 



so f = W ^ lOliljoule 



6.6 X 10"^^ joule-sec 



= 1.5 X 10^ cycles/sec. 
This corresponds to a wavelength given by 

i o 3 X 10^ m/sec 



1.5 X 10 ^ cycles/sec 

= 2 ^ 10"^ m or 2000A. 

This wavelength lies in the ultra-violet region 
of the spectrum. 



18.6 



The energy of a photon is given by 

E = hf, and since f = ^ 

F = il£ - 6.6 X 10'^^ ^oule*sec x 3 x lo^ u./sec 

X — ~ ' 

5 X 10'^ m 

= 4 X lO'l ^ joule. 
For X = 5 X 10-8 m, E = 4 x iq" ^ ^ joule. 
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18.7 

L- It of threshold frequency has ,in energy 
which IS just sufficient to free an electron 
from the metal. The energy associated with 
that minimum frequency (f ) is called Che work 
function (W) of the metal, and W = hf_. 
For copper, 

W = 6.6 ^ 10'-'* joule-sec > 1.1 > 10^ 



o 

t cycles 



= 7.3 • 10 • ^ joule. 

When light of greater than thieshhold fre- 
quency IS used, the pliotoel ec trons will be 
emitted with a maximur? kia'^Cic energy ^iven by 



KE = hf - W 

max 



= 6.6 - 10"^^ joule-sec > 1.5 ^ 10^ 
= 7.3 ^ 10'^ ^ joule. 



t cycles 
sec 



When light of greater Chan threshold fre- 
quency is used, the photoel ec trons will be 
emitted with a maximum kinetic energy given by 



KE = hf 
max 



W 



= 6.6 10"''* joule-sec x 1.5 . 10^ 

- 7.3 > 10"^ joule, 
= (9.9 - 7.3) X 10 ^ joule 

= 2.6 X 10 ^ joule. 



(Alternatively, KE = hf - hf = h(f - f 

' max o ^ o' 

etc .) 

Since 1 eV = 1.6 x 10'^ joule, 

KE . i^^J-lOlilJou^ . 
"'^^ 1.6 V 10"^ joule/eV 



cycles 
sec 



(b) If the atomic diimeter = 1 A, 10-^ aton.s 
will fit aloi^g aim line ind 1 m thcte will 
be 10* • 10 ' atoms, or 10 noms. 

Then in one seconu, 2.5 ' 10' photons will 
fall on 10- atoms. If all photons ai c ibso) bed 
by the surface layer o^" atoms, each atom will 
absorb on the average 2.") photons /St-c . 

(c) For .in ivorage of one photon/atom 1 1 
would t<^ke -J— ^ the time it takes foi 2.S photons, 
or 0.4 sec. 

(d) The number of photons airivmg per atom 
in 10*^ ^ sec will be 

= 2.5 photons/sec 10 ^ ^ sec 



.5 . 10' 



sec . 



(e) The cathode area is (0.05m)* or 

2.5 ^ 10'' m* . Thus, the rate of arrival of 
photons «it the cathode 



= 2.5 ' 10- 0 



photons 
mr 'sec 



2.5 



10' 



= 6.3 ^ 10^ ' photons/sec, 



By assumption this yie'ds 6.3 ^ 10^ 
electrons/sec . The curre U is thus 



= 6.3 



10 



17 electrons ^ j , iq" ^ 



I ou 1 



lec { ron 



=0.1 coul /sec , 



0.1 amp. 



(Note: you may object that the above answers 
are given to more significant figures than are 
warranted by the problem as stated. You would 
be correc t. Signi f icant figures are very im- 
portant when making calculations from data ; but 
the round numbers given m this problem are 
contrived for the purpose of an exercise, to 
keep arithmetic from getting in the way of ideas.) 



18.8 

The energy of a photon which will cause 
the emission is given by 



2.0 eV X 1,6 X 10 



■1 9 



joule/ eV 



6.6 



= A. 9 



10 



joule* sec 



10 ^ ^ cycles/sec 



18.10 

By definition, 1 watt = 1 joule/sec. How- 
ever, the energy transformed ^'nto liglit is only 
5 per cent of this, or 0.05 joule. For one 
photon, E = hf, and for n photons, E = nhf. 
Thus substituting 



- c p nhc 
f=-, E = — or 



he 



18.9 



0.05 joules ^ 5 >t 10" 



6.6 X 10"3^ joule'sec ^ 3 10^ IIL 



he 

(a) For each photon, E = 

_ 6.6 X 10"^'' joule»sec x 3,0 x IQ^ m/sec 
5.0 ^ 10"^ m 

= 4.0 X 10"^ ^ jouxe. 

Thus, the number of photons required to 
cause th*r given intensity would be 



100 joules 



4.0 X 10"^^ joules/photon 



2.5 X lO^Q photons. 
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1.3^ 10 ^ -^photons. 



18.11 



We are given hf - q V, thus 
max e 



1.6 X 10~^ ^ coul ^ 5 >^ 10^ volts 





^ 6.6 X 10' joule-sec 

1.2 X 10"^^ cycles/sec. 
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couPvolt ^^^^ \ 



18.12 

In the one caso, electrons ire give., kinetic 
eneigy by photons. In the ether, photons <.re 
piodiiced when .in electron loses kinetic en rgy. 
Since in both cases the energy of the second 
comes from the first, the second can not have 
more energy than the first. 




pliotocKc tron : in electron released, gener- 
<illy from a metal, by moans of 
energy absorbed froin photons of 
light. (uSo.»lly uUrwiolel) shining 
on the Surface of the material. 

photoelectric effect: the release c* electrons 
froni ma'-ter when exposed to certain 
fr eocene i es of elec tromagnet ic rad ia* 
t i on, 

quantum theoiv: t/-. branch of moc'-»rn physics 
based on the concept of che subdivi- 
sion of electromagnetic energy into 
d iscrete qu mta. 

threshold f rc<^^oencY:- the frequency of incident 

radiation below which the photoelectric 
effect will not take place. 

stopping voltage: the voltage between cathode 
and anode in a photoelectric tube 
whicli will just stop the most energetic 
electrons emitted from the cathode. 

classical Physics: the physical theories con- 
cerning the nature of the universe and 
their philosophical implications which 
were developed prior to Che advent of 
quantum theory . 
rays: electromagnetic radiation of short 

wavelength produced by electron bom- 
bardment of matter. 



18.13 

The energy of a photon is given by E " i^^. 
This energy can at most be as large as the ^ 
electron energy q^^ V. Thus, for minimum wave- 
length (ma<. energy) 

he 



min 



he 
e min 



V = fe-O ■ 10""^ joule'sec - 3 x 10^ m/sec 

1.6 > 10"^'^ cotl • 10"^^ m 

= 1.2 > lO'' joules/coul, or 

V 1.2 - lO'-' volts. 

This coriesponds to a maximum energy of 
1 .2 X 10 eV, or 

1.6 > 10"^ "^ coul ' 1.2 ^ 10" joules/coul 
= 1.9 10"^^ joules. 



18.14 

photon : a discrete quantity of electro- 
magnetic radiant energy; a "bundle 
of energy" whose value hf is pro- 
portional to the frequency of radia- 
tion. 

quantum : one of the very small increments or 
quantities into which forms of 
energy are found to be subdivided. 

catliode rays : emanations from the cathode 
electrode of a vacuum tube under 
the influence of an eJectric field; 
found to be electrons. 



18.15 

<a) Einstein's interpretation was mjt anti- 
cipated by Newton. This statement can be sup- 
ported in at least three ways: (1) by considing 
the rang and type of problem for which the 
models were proposed; (2) by consideiing quali- 
tative differences between the models; (3) by 
considering the precision of the models in pre- 
dicting experimental results. 

(b) As indicated In part (a), Newton's 
model was qualitative and tied to classic<il 
particle mechanics. Newton could not have pre- 
dicted the slope, intercept, or general form of 
the energy vs. frequency curves. Wo might have 
had difficulty explaining the rapid emission of 
photoelectrons. (In a classical elastic collision 
between a very small particle (light) and a very 
large particle (electron), the large particle 
receives very little en/,'rgy.] Newton's parti- 
cles would produce resulcs that might be ex- 
pected from a classicjl wave picture of light. 

(1) Newton was writing at a time when 
some of the basic qualitative features of light 
phenomena were being discovered and interpreted. 
A particle or a wave model of light could ex- 
plain the light phenome.ia known at the time, 
though, on balance, Newton's particle model 
seemed to handle the phenomena most simply., 
Newton's particle model, though, was intended 
to explain all light phenomena. Einstein's 
model of light quanta was constructed at a time 
when the great bulk of light phenomena had been 
successfully explained using a wave theory of 
light. Hertz's experiments, in which the photo- 
electric effect had been discovered, were among 
the crowning successes of a wave theoiy of 
electromagnetic phenomena. Einstein proposed 
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<5 viev of light emission and jbsorpcion which 
was fundamentally different from the donir.anC 
way of conceiving of light phenomena at his 
time. In addition, Einstein proposed light 
quanta as a way of explaining only a liinited 
set of light phenomena. He conceded the essen- 
tial role of a wave theory in explain*ng inter- 
ference and other related light phenomena. 

(2) Newton's light particles were dis- 
tinct from particles of ordinary matter, yet 
similar to them. They were smaller than parti- 
cles of matter and perhaps different in substance. 
However, their rpotion was to be described by ,he 
laws of classical mechanics. There is thus no 
reason to assume that Newton's light particles 
should give up all their energy when interacting 
with particles of "gross matter" (of course 
energy was not a fundamental concept for Newton), 

Einstein's Quantun was simply 'localized 
energy." The interaction of this energy with 
particles of matter was not presumed by Einstein 
to be described by classical mechanics. In par- 
ticular, the assumption of an all-or-nothing 
energy transfer was fundamental in Einstein's 
model and cannot be derived from classical parti- 
cle-particle interactions.. Einstein's equation 
for the quantum of energy, E = hf, implicitl- 
referred to a wave model of light since fre- 
quency (f) is a wave cnar acter istic . Newton's 
model could not contain such a reference to a 
wave charac terist ic 

(3) Einstein's model provided a basis 
for precise prediction of experimental data. 
Newton's modt , in the main, did not. This, by 
itself, IS enough to give credit to Einstein. 
Even if the models were comparable in all de- 
tails, Einstein would get credit since he indi- 
cated how the model could be tested. When 
Newton and Hooke quarreled over who should be 
given credit for discovery cc the inverse 
square law of gravitational force, Newt:)n in- 
sisted that the individual who worked out the 
implications for experiment (Newton) should 
receive credit even though another individual 
(Hooke) had earlier and informally voiced the 
idea. 
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t) Oiu * t> thiC :\ is Dftr. lsi'^J Co toll i: 
Frujnhcfer lines irt- cauStJ by losoipcion in Ci:t 
tirch's icnosphore is co -".ikc obst-rwit u , over 
1 r in^f or /.rnich m>.cb ( ir^^Us is^rvii .u - 
twitn tlif lin» sigbc »ni: cii- virti 1). 
t-bsorv iCicns .irt* u\dv ic 1 ir.;cr ind laiv^. 
7tnicii in^lt'S, the li^nc iron the ^ m 
I jrt-iK':- ind jroiCcr thickiu*?s of i-u tirth's 
tC":v:sp .t-f» this results m cho vi irkt-niiu- t 
tbscrptio:! !:nts clut :o iht i »rch's icn^sp^.^ 

When i:i ibsorptior lint is duo co som- olc- 
•^tnc; in both tbo sun ipc lartr.'s JCiiosphcrc-s , 
t-i rc-spt-ctive coptr ibutions cm be found by 
observing rofl.-ctod c {y-^^ the pi Miet 

Mcrcv:ry when it is --^vi.ir, towird tne eirtn md 
fun wl:cn znovin. \uMy (i.e. at both quadratures). 
Tbc s'jti's contrib-vJtion to tne total line will 
th« n bt doppler-shif tea to t!,e left and to the 
ri^ht wf the earth's contribution. (Mcrcurv is 
usee beca-jse of its 1 ick of atriosphere and hikjh 
speed.) 

\ '-ore expensive nethod that can now be usoci 
IS to place 3 spectrograph on a satellite crbit- 

tht o irth ibovt the eirth's itT.ospherc . 
Ar.> rtccrd - iJ^ by it tr- ' un 's atr-.osphere 
vr^yul.: ti^en .rivviv. only solar losorption. The 
Orhiti--^ Sol ir Obscr\itory, OSO-i, shovn on 
pi*:( i:- of I'm: -ide such < bser-,at ions^ i vt r 
1 n^rr^v r m^t .f -ivt^igtns ( - ut 1500 A, 
mostl.. :n tru ^U-tvioKt). 



r>) Tt 1 ij:ht 
tv>v-nc to h ivc 
of S ::ilij;'rt, thi;. 
the light UMS frc"^ 
icsorpc.or. froir- .^.li^-i u 
Cht. e:*. tent md c onpos i *: i ; 
Cht -'oon m^. pi in ts -^i.-^t 
tr.etr^r.t , vhic ■ is nc t. 2 • s 
prtst.u on Jupite- r tn. 
ibsorptior lines - Sv>'>Li^ 
J op I ter . 



no ^ or pi 'nets were 

1 its n ir i.teristic 
oe strong *^vidcnce that 
'jr. . \dd i t i or 1 1 selective 
- _ both 

' ••^> itr.osphere 
i •vt . For ex unplc , 
nt n * , is 

. i^.,-. b acJ. ,tior .1 
' rcf lec ted 



The er'pirn. tl f^ inul 
of thi spe^ t 



1 Kivin^ the vixiliivt' 



iril 1: 


:::<.,s ^>f 


h>i:rv>. en 


IS 






1 ] 




1,10 . 


10 /m. 






J ilrr.. r 


Si r It. s , 


''f " "* 






t> m b 


: ki t.i> :> 


I s 


. 1-, 


I 

or ~ 


I n 




10. i 


- JL 
10^ 


1 or 

100 




12. i- 

2 


12' 


, or 





for n. = 12, 



:)OiVinj; the ibcve form-jl 1 for • , and evaluatnu 
for 



n. = 8, 
1 



10, 



n. . 12, 



1.10 ^ 10 . ^ 



3.8b ' 10"^ a 
or 3880 A; 



1 TT. 



1.10 ' 10 



1 m 



}00 



I. 10 . iO . 



144 



3.79 . 10' 
or 3790 X; 



3./4 . iO" r 
or 3740 X. 



frorr. 



In Tible 19.', where n increases frop. 3 Zo b, 
and hero, where n increases froni 8 to 12, it is 
apparent that • decreases . n increases., Also, 
the increment by which decreases is n increases, 
say, fror. 6 to 8, 3 to 10, 10 to 12, becomes 
smaller and smaller, implying that as higher 
quantum numbers ire ipproached, the difference 
be twee -1 energy states approaches zero. This is 
precisely what happens, as can be seen t^ora 
Fig. 19.11. 



ThaL the -noo^ ' nv it- sp". rt 
10 of earth s) cm i> u t irr^i-eo fr^^ 
occul t ition of r>>ck^ru^r: < *'^s- -\lsc 
iin^ spnere uoi.id c Ss-'tC' r.*, f c 

which would result in tne "horns" o* : 
appearing slightly 1 irger. \ll t-^ 
cept M'^rcury (and P' r^aps ?lut ) r 



Ifb than 
. tc sharp 
1 lunar 
'Ught 
-•■>cr 
inets ox- 
at""-^" oheres . 



19.2 

Th^» tCAt t^ivcs five s'-r.e^, b^f. in cheer/ 
Lh'uo ire an infinite - mbn^ont for eac»^ of 
'J'L :r finite nur:ber pos'-iDU' \aioes ot n . 
(Most of LheT comprise "l:n*>s" t.u^ ridio 
region of ihi <^pe. •'-um.) Only four 1 inovS — tr.i 
first fotr of lie Baimer scries — ire in !^he 
visible re»,ion. 



This problem illustrates a very important 
trend, namely, as high quantum numbers are ap- 
proached, quantum effects become less appirent. 
(In other words, the energy states get closer 
and closer together, until the state defined by 
quantum number n cannot be distinguished from 
the state defined by C'jantum number r ♦ 1.) 
This fact forms the bcsis of a princole which 
relates classical and quantum physics. This 
principle, first articulated by Bohr, is called 
the correspondence principle and says that in 
Che limit of large *,uantum numbers, quantum 
physics merges into classical physics. 



19. 



a) In Fig, 19.5 the bunching occurs at the 
htgh frequency end of the spectrum. Fig. 19,11 
shows that the high frequency transitions in- 
volve large quantum numbert. As seen in the 
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proceJln^ probler. solution, hi^h vilues of n 
loiJ cc nearly identical vilues of • , &0 the 
bunching ^ predicted by the forriula. 



b) n = - 
I 



c) The Lynan series has n^ = 1 , so the 
scries limit, where v. = ■ , is 



1 



0.910 ■ ^10 m 



i.iO . 10' (i-) ^' 



The Balmer series has n^ = 2, so the series 
limit IS 

1 nj 



1.10 > 10 



f - j or 36:»0 A; 



Tne Paschen series has " 3, so the series 



1 r: 



1.10 - 10 



■(?) 



= 3.18 A 10 ' c 
or 8180 X. 



d) The series lin:it is 910 A for the Lynan 
series. This wavelength corresponds to an 
energy given by hc; 



£ = 



6.6 ^ 10 ioule'sec ' 3.0 • 10^ r-./Scc 
0.910 - 10*" n 



19.6 

0 Lenard's nodol is i'ke those ui Thonson 
.ind Rutherford m havinw, positive and suvitive 
electricity m ecual v^acunts so that tht iton 
as i whole is neutral. It si'nilir to 
Rutherford's nodel in having znsich empty spi..e. 
But Lenird's rrjodei div^l not distmguisii oetwtC!i 
the electrons and th- positive char>;e is tiid 
the rhontson and Kuth i lord nioools. Heiur, i-a 
LcMird's nodei, the positive charge u is not is- 
scci ited witi' p.i- irly ill tr> r:ass of tne JLon:. 

b) No. It would not be possible to iccount 
for the oack-scatter ini; of swift : particles. 
A neutral dyn.inide would nave to nave a mass no 
tjreater than that of a hydrogen aeon (if we 
assun'e that a hydrogen atos* consists of one 
dynamide). Hence a heavier nucleus, such is 
those Ubcd by Rutherfoid in his scattering t-x- 
perinents, would contain many dynanides, e ich 
with ;nuch ST.aller *j:ass than ar. . particle. A 
collision between an ^ particle and a neutr il 
dynamide would be like a billiard ball coilisio.i 
of a raoving heavy ball with a lighter, station- 
ary ball. The Heavier ball would not be de- 
fleeted significantly from its forward direction 
ir. a single collision. The angular distr ibi;^ ion 
of the scattered a particles would then be in a 
small iingie ibout the direction of the incident 
( 1 particle) bean, with no backward scattering. 



=21.8 ■ 10'' ' joule, or 
21 .8 " 10" ' joule 



1.6 ^ 10"^ ' joule/eV 



= 13.6 eV. 



19.3 

The Thonison and Rutherford models of the atoa 
are similar in the following ways: atoms contain 
positive and negative charge in equal *ir«ounts ; 
ne.irly all of the mass of the atom is associated 
with the positive charge; the diameter of the 
atom is of the order of 10""'' m. 

The models differ in that in the Thomson atom 
the positive charge is spread out through the 
entir.. volume of the atom; in the Rutherford 
.nodel the positive charge is ccncentrated 
(localized) into a very small volume at the 
center of nhe atom. Also, in the Thomson model, 
the electrons are distributed throughout the 
positive charge*; in the Rutherford model the 
electrons are separated from the positive charge, 
being distributed around the positive charge in 
some undefined way. Lastly, Rutherford's nodcl 
has much empty space; Thomson's atom \s "full" 
of charged matter. 



19.7 

Certa'.nly the burden of proof is on the 
author. The nuclear model of the atom is con- 
sistent with the scattering experiments, it has 
served to suggest new experiraer ,s, and in gen- 
eral it nicely ties together data pertaining to 
atotaic structure. 

Furthermore the author in question proposes 
that the atom is a small neutral particle. If 
this were the case, how would he account for 
the scattering forces that cause the observed 
scattering? In the nuclear model, scattering 
forces between a positively charged i particle 
and positively charged nucleus are Coulorr.b 
forces; what kind of force? would act between 
an alpha particle and a small neutr a ^ atom? It 
is not at ail clear what the origin of the re- 
quired forces would be; hence it would be very 
difficult to account for the observed alpha 
scattering. 



19.8 

-8 

One Angstrom unit is 10 cru. Hence: 
d 



nucleus 



atom 



10 
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Ic michc be mcc. ♦►^r ) n^; to pcir.c oyt t\\ .i 
density of the nucleus cm be cscinaccd. 



vo1i;cto of nucleus 
volume of .It on 



= 10" 



This result indicates that the density of the 
nucleus rrust be enormous. The roaSS of \ light 
itoffl is of the order of lO'' " ^. Thus, taking 
the xolune of the atom \s approxiniati^ly 
(10' cm) , the densitv 



10" 



10" 



10- 



10- 



19.9 

The ".a^,nif ication is 

1.5 ' 10" ' "cTn' 
or 6.7 - 10- Tnus, the magnified radius of 
the first Bohr orbit would be rhe product of 
the n:agnif ication and the actual radius (giv*»n 
on page 82); 6.7 - 10' • - 5.29 ^ 10"^ cm 

= 3.5 ^ 10^ cm or 3.5 r:eters. 



19.10 

Op^-n-endecl question, but the following 
consent is pertinent: Although at the beginning 
of this century the atoa rray have been con- 
sidered an artificial idea, introduced to ex- 
plain a limited set of phenociena, the vast 
variety of experimental evidence which has 
proved to be consistent with our idea of ato;ns 
makes the atom just as real as, say, Jupiter. 



19.11 



The Bohr model can account for the lines of 
absorption spectra if it is assumed that the 
orbital electron can absorb ^ light quantum 
only if the energy so absorb* * raises the 
electron into another alloved orbit. The ab- 
sorption of light is then the xact inverse of 
emission and every absorption ^'ne should cor- 
respond exactly to an emission line, in agree- 
ment with experiment. 



19.12 

When a substance is illu^iinated with ultra- 
violet light of frequency f, an atom of the 
substance in its ground state absorbs energy 
in the amount hf. The atom is raised from its 
ground state to an excited state; or, to put 

another way, an electron is raised from its 
normal orbit into an outer orbit. The electron 
can then drop back to some lower orbit between 
its initial oroit and the one to which it is 
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i.iibcu. In v^thoi wofdb. It can ^ivo up either 
the energy hf [see (a) belouj or ar. amount of 
energy hf (see (b) belowj. It is seen that hf ' 
< hf or f ' <f . 

7 I 



The wavelength is inversely proportional to 
frequency. Hence ► \.whi;h is what Stokes 
fou.nd. Ultraviolet light includes frequencies 
greater than those of visible light. Thus, m 
fluorescence caused by ultraviolet light, much 
of the light reradiated is visible, th.tt is, 
f is ultraviolet while f ' is visible. 



19.13 

a) The concept rt itoms as expressed by 
Newton is quite similar to that attributed to 
Lcucippus and Temocritus. One difference is that, 
.iccording to Leucippus and Dorr.ocr i tus , atoms are 
eternal; according to Newton, God created atoms 
in the beginning. For Leucippus and Democritus 
all atoras are oi the same ki d, but differ in 
size, shape and position; Jiewton's atoms have 
sizes, shapes, and "such other properties..., as 
most conduced to the End for which he formed 
Then.." There is a theological aspect to Newton's 
views which is not found m the Greek atomists. 

b) Dayton hypothesizes thpt each element 
(an idea not mentioned by NewLon or Leucippus 
and Democritus) consists of a characteristic 
kind of ider.».ical atoms: the atoms of an element 
"are perfectly alike in weight and figure, etc,/' 
Between Newton and Dal ton inuch progress had 
been made in the unders tar.c ing of the concepts 
of chemical element and chemical con-.p^und. 
Oalton could al5 , therefore, make an !.ypothesis 
concerning th^ details of the formation of com- 
pounds by the atoms of different elements. 

c) In the Rutherford -Bohr model, the atom 
was no longer "solid," "impenetrable," "uncut- 
table," or "indivisible." fhc atom of Ruther- 
ford and Bohi consists of a nucleus and electrons 
and empty space. In view of what was known 
about radioactivity m 1913, especially since 

It was known that atoms could emit j particles, 
Rutherford and Bohr made no detailed hypotheses 
about the nature of the nucleus. It was already 
eviaent that the nucleus (the only place a par- 
ticles could come from) was not "indivisible." 



19.14 

An at^m normally has its electrons in the 
lowest possible energy states. An atom of 
potassium has Z = 19 and thus has 19 electrons 
^*hich will be situatea as follows: (see chart 



33 



Study Guide 
Chapter 19 



oa pu. 'U , nocin^i chac each circle reprosencs 
a pan of elections) 2 electrons in K shell, 
8 m L, 8 in M, then the one eUctron remuninj.; 
would be in the lowt-sc encri;y h-vel of the N 
shell, bee luse that level is lower in energy 
thin the fivo pairs c»f locitions still open in 
the M shell. 



19. IS 

Rt:er to tju- cnirt c^n p Siif 91.; Stirtini; 
with ^^rKO;l (Z = 18), wt- continue adding electrons 
in pai.-s; 2 electrons in the N shell, 10 in M,- 
6 nore m N — -now we nave a staoie arrangenent 
of 8 outer electrons. The element having this 
nunb^r of electrons is krypton, 2 = 36. 

Tv find the next inert ^as after krypton, 
we continue from Z = 36, adding 2 electrons in 
the 0 shell, 10 in N, 6 n:cre in 0 shell — now 
we have another stable configuration of 8 elec- 
trons in the outer shell. The element having 
this number of electrons is xenon, Z = 54, 



19.18 

i) Tho stater.ent m the tt\t iviily <:oil:> 
with »il tne cuintizeo thin^»;s the stiiJ^nt wouK; 
know. Adt-iitionil thini;s tiioy wouldn't know 
iTf "strank;t'ness" anc "biryop nurruer". 

b) Son:e properties or thin»;s outside pl»ysiC5> 
that can be thou>;ht of as oein< G,iinti/tu' ir^ 
the lollowin*;: 

S il ir> incre iSt-S m I u ^e corptT !L u-r.s 
v^onsumtT prices ( m uni ts i «.t*:u) 
bnow, rain, hail ,> sleet ( for tun itt ly !) 
formal eoucat ion (in -on i ts o: courst s) 
letter grades (not per -cent grades,^ thou^^h) 
d^ites ("tomorrow" sud*!tul> becomes "todiy," 
ftc .) 

Note: we do not nention cuintitics which 
are intrinsically collections of things. 



19,16 



Glossary of some of the t^^rns 
defined 



•hich should bo 



i part Ic les 
Bohr o. bit 
empirical relation 
energy-levil diagram 
excitation energy 
ground state 

line absorption spectrun 
line emission spectra", 
nuclear atom 
nucleus 



optical spectra 
planetary atom 
quantum mechanics 
radioactie sub- 
stances 
scintillation 
shell 
spectrin 

stationary states 
"ray si*ectra 



19,17 

This is open-ended, but we woui' lik.^ to point 
out the follow»*nj: In particle d la^ics, colli- 
sions can be considered singly^ ai th- colli- 
sion oj »3 collection of particles is simply the 
sunsnation ot individual collisions.^ It appears, 
however, that a different level of analysis is 
needed fo*" mental phenomena. Thought comprises 
the inter iCtion of conplex systems , rather than 
of discrete entities,. The model is more lik'. a 
committee meeting thin a game of billiards. 
Furthermore, the particles of atomism are of a 
limited number of types; tnose of the same type 
being m fact identical. However, brain cells 
and the system of connections among them are 
infinitely variable, 
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20.1 



T!'o m iss [T. it rel. 

so rn = 
m 



itivistic spoeJ v is ^iven by 
I 



i .01 



In this problem, m ^ 1.01 m , so — =r ^ ^ 



Sqo iring bvch sid<'S, 1.02 = 



I - ^ 
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/ mJ silica' 



10 



we can neglect even that term. So, for man- 
sized objects, p = m V. 

o 

Similarly, the relitivistic kinetic energy is 
KE = tn^ (^J + 1/2 - m^c^ = 1/2 m^v'-. 

Here the secord term must bv ret lined bee luse 
the r. c^ terms drop out of the equation. Chert- 
fore, for nan-sized objects, K£ = 1/2 m v. 



Thus, 0.02, - = 0.14, 

c^ » c * 

V = 0.14 c, or 0.14 ^ 3.0 " 10 ' r./sec 
^ ^ .2 • 10 m/sec , 



20.2 

The relativistic ra^ss (m)is related to the rest 
mass (m^) by 

~ = - 9.1 K IQ-^: 

c- ^ c >^ 

^ 9>1 > 10'-'- kg ^ 9.1 » 10'^- 
VI - 0.36 C.80 

= il.4 . kg. 

The centripetal force required is mv-/R, but 
V = 0. 60 c , so 
P _ m(0.60c) 2 

= 11.^ - 10' ^- kc ^ (0.60 ^ 3 > n tr/sec)- 
1 .0 i„ 

= 11.4 > 10"-* (3.24 - lC-6) kg-m'sec^ 
= 3.7 / 10 * ^ newtons . 



20.3 

a) By subsrLCution of v/c = 0.1, the series 
becomes 1 + 1/2 (0.1)^ -I- 3/8 (O.l)"* + ... 

' I -r- 0.C05 -r 0.000OJ75 + . . . 

b) Frof? a) only the first r.wo terms m^-y be 
necessary. The relativistic motr.tncum is then 



20.^ 



a) The mass changes that are due to energy 
changes in chemical reactions are too stuali lo 

be detected. Support for this statement is given 
in part b) . 

b) The mass change is related tc the energy 
change as follows: 



- E _ 10" loules 



<^ < 3 - 10^ m/sec)2 



= 1.1 ^ 10 kg.. This is only one bil- 
lionth cf a gram and is of course not aetect- 
ible in chemical reactions. 



Joules ^, , 
m^/sec 



sec^ 



kgj 



20.5 



a) The kinetic energy of the earth is 

K£ = 1/2 m^v2 = 1/9 ^t.O >'10-'*kg (3 - lO^* m/sec)^ 
= 27 X 10^^ joules. 

b) The mass equivalent is .^n) = ^ 

= ' = 3.0 X 10^^ kg. 

(3.0 10® m/sec)2 



c) The percentage increase in mass is 

-7* 



3.0 y 10^^ k g 



then ^ y 1007. = 5 x lo"^7.. 

6.0 > lO^'* kg 

d) Any measurements of the mass of the earth 
made on the earth will yield the rest mass of the 
earth, since the observers art at rest with re* 
spect to the '?arth. 
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20. b 

Squire's verse has sever il possible mean- 
ings. First, it seems to suggest that the 
order and regularity suggested by the laws of 
N»wton has been dc le away with by Einstein. 
This is not true. Einstein's work nas ex- 
tended our experience into new domains (speeds 
comparable to the speei of light). It is pre- 
sumption for anyone tv. assume that a theory 
acknowledged as sound in one domain of experi- 
ence can be extrapolated unchanged into another 
domain of experience. 

Second, it in\plies in often-heard sentiment 
whenever a new theory alters the status of a 
former theory; namely, that scientists are al- 
Wiys changing their minds and hence their 
theories shoulc not be trusted. Sucn a view 
shows 1 lack of understanding of science. The 
best theories are those which put themselves 
in the greatest jeopardy. Th^t is, h good 
theory is extremely suggestive in regards to 
new experiments any of which could change the 
theory. Thus, as man's abilities to experi- 
ment improve and broaden in scope, theories 
often have to be modified to account for the 
new phenomena. Renember , however, it was 
probably the theory itself which brought its 
own demise. 



20.7 

a) The relanivistic moj?entun is the prod- 
uct of the relativistic mass and the velocity 
of the electron: 



20. $ 



p = 



m V 
o 



- 9.1 10 " ^- kg ^ 0.4 X 3 xlO rr^/^ar 



9.1 X c.^ 



3 < 10' 



kg "^/sec 



0.92 

^ 1.2 X 10"^^ kg-m/sec. 
b) The Newtor. '^omentum at that speed 



= m V = 9.1 
o 



10 



•? 1 



kg V 0,4 . 3 X 10^ m/sec 



= 1.1 X 10"^^ kg-m/sec. 
c) The relativistic moiijentum at v = 0.8- 



The momentum of the photon is given by 

p ii - 6.6 - 10'^^ jcule-sec 
4 ' 10'' m 



= 1 .7 X lO' * ^ kg*m/sec 

For jn electron to hive the above momentum it 
must have a speed given by 



V = ^ = 1.7 X 10'*^ ' kg'm/sec 
^ 9.1 ^ 10*3- kg 



1 .9 X 10 ^ m/sec . 



20.9 

The ex^jeriments that led to the acceptance of 
the wave theory of light involving reflection, 
refraction, diffraction, interference were done 
in the eighteenth and early nineteenth centuries 
with relatively simple experimental equipment. 

The experiments that could be interpreted 
on y in terms of the particle aspect were the 
photoelectric and Compton effects. The electron 
had to be discovered (Thomson, 1897) and methods 
developed for making quantitative experiments 
with electrons and x rays before those effects 
could be analyzed and interpreted. These things 
were not done until rhe end of the nineteenth 
century and the first quarter of the twentieth 
century . 



20.10 

before collision 



9.1 



iO 



Vl - (0.8)2 



kg 0.8 ^ 3 ^ 10^ T^/sec 



= 3.6 



10" 



kg •m/sec. 



after oollirion CNlJ 



Therefore the change in re) .tivlstic momentum 
due to V increasing from 0.4c to 0.8c is 

(3.6 - I.?) X io'22 kg-m/sec, or 

2.4 X 10-2 2 kg.ji/sec. 

d) Since the Newtonia^i mcmentum at a speed 
of 0.8c is simply twice its value it 0.4c, the 
change in Newtonian momentum is 
1.1 A 10*22 i<g. m/sec. 



None that che frequency of the photon has 
decreased. Since the energy of the photon is 
proportional to its frequency, the figure 
indicates that the photon has lost energy in 
the collision. 
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20.11 



The momentum of an electron is given by 
Che de Broglie relation: 

h , h 
mv = -, tnus V = — , 



V - ^- ^ ' 10 ioule»sec . , .r.f . 

V - -r: ^ = 0.6 - 10 m/sec. 

10"^^kg • 10"- 0 in 



joul -"'Sec _ N'S^" ' sec _ sec^ 



m/ sec 



20.12 

The de Broglie wavelength is given by 

. = Jl = 6.6 ^ lo"'^ loule'sec 
(0.2 kg)(l m/sec) 



3.3 > 10"' 



s 3 
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— 2 - 
6.6 10' 



joule -sec 



>^ i ^ 10' ^ • joul e*S€-c , 



The uncertainty m momentum is the product 
of the mass,^ 1 ^ 10"- kg, and the uncertiiuty 
m speed, 3 cm/sec or 3 . 10"^ m/sec. Tint is. 



P 



10" 



Sec * 



Thus, AX > ' ' ^Q'^^ ]oule-sec 



3 ^ 10"* kg*m/sec 



AX i 3 - lO'^i m. 

(This result indicates that ur.ccrtunty effects 
are completely negligible for objects of "nor- 
Ri'il" size and speed.) 



20.13 

By definition, the de Broglie wavelength 
is given by x = h/mv. But KE = 1/2 mv^, go 

v=l/^ 

Hence the momentum mv = m-| /^^||^^ = ■^2m(K£) ; 

substituting this for mv in the de Broglie 
h 

relation, ' = — ■ 

V2m(KE) 



20.14 

You would be unable to learn about the 
following: 

a) objects outside yout throwing range, 

b) objects from which the ball \'ould 
not bounce (sponge, etc.), 

c) fluids like air, 

d) objects appreciably smaller than the 
ball. Whereas you might learn of the 
existence of small objects, you couldn't 
learn the details of their shape. (Similar- 
ly, if you are to "sec" detail with electro- 
magnetic waveSr the wavelength must not be 
much Smaller than the dimensions of the 
detail .) 



20.15 

The uncertainty principle states 



20.16 

Trie essf ice of the quantum theory is that 
energy exists in bundles of size proportional 
to he frequency. If the constant of propor- 
tionality were zero, the bundles would have no 
energy ind there could be no quantum effect. 
Light would become entirely a wave phenomenon 
and there would be no photoelectric effect or 
compton effect. 



20.17 

Open-ended question, but the following 
comments are relevant . 

Most physicists, probably all atomic phy- 
sicists, regard with wonder (and, perhaps, 
alS3 awe) the way in which Planck's constant 
appears i\ the description of atomic phenomena. 
This constant is one of the fundamental con- 
stants of physics, along with the charge on 
the el<;ctron and the speed of electromagnetic 
radiation in vacuum. We have seen it appear 
in the photoelectric effect and the Compton 
effect, in the energy hf and the momentum hf/c 
of r.adiation. It appears in the formulas that 
repraseat quantization of energy levels and of 
angular momentum. It also appears m the un- 
certainty principle, where it expresses the 
limitation on our ability to know both the 
position and momentum of a particle. An enor- 
mous number of atomic phenomena fall into a 
beautiful, conslscent pattern that Is held to- 
gether rather remarkedly by Planck's constant. 
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20.18 

.1) • = 2(1 m) = 2 m, 



h 6.6 V 10 
P = 7 = TT- 



joule >Soc 



= 3.3 ^ 10' kg-m/sec. 



But p = mv, so V = p/m, 

y _ 3 , 3 > lO" ks*m/sec 
10'^^ kg 

= 3 . 3 < 10'' m/sec . 

b) Similarly, we can solve for v .is above, 
or in one step as follows: 



6.6 ^ 10 



■34 



loule 'Sec 



2 X 10"^ m . 6.6 >^ 10*26 
= 5 ^ 10" ' m/sec . 

V 6.6 lO'^'* joule-sec 

c) V = ^ *> > 

2 y 10"" "1 X 10' kg 



3 

^ _ 6.0 ^ 10~ loule'Sec 
2 X 10"^° m X 10'^^ kg 



= 3.3 X 10^ m/t>ec. 

(In general, as the size of the particle and 
its containing "box" decreases, the least 
speed the particle could have increases^) 



20.19 

Open-ended question, but the following 
comments are relev<int: 

The uncertainty principle expresses limi- 
tations on our ability to obtain information 
about certain detailed and pirticular pheno- 
mena on the atonic scale. At this time, the 
application of "he uncertainty principle to 
pi blems such as free will represents an 
extrapolation of physical theory that is un- 
justified in light of the absence of experi- 
mental facts. 

The claims of these philosophers and phy- 
sicists represents in part a reaction against 
the rigid determinisin represented by Laplace's 
view expressed In S.G. 20.21. 

The facts do not support a dogmatic stand 
on either siae of this issue. 



20.20 

In one sense this statement is acceptable. 
If a scientific theory correctly predicts 
experimental results it is doing its job. In 
another sense, however, this statement falls 
short of those ends desired by most physicists. 
That IS, in addition to a formalism (m ithom itic il 
symbols and processes), a good theory has nodels 
in terms of which the physicist cm "visualize" 
the implications of the theory. bu>-h "visuali- 
zations" or "picturi^ations" can often Icid to 
deeper understandings. 

20.21 

No. The precision with which the position 
and momentum can be determined is limited by 
the uncertainty principle. Thus, sincp the 
state of the pjrticles of the universe is un- 
'"ertJin Jt any time, one cannot know the futuie 
with absolute certainty.. 

Of course, what i superior intelligence 
could or could not do is not within the scope 
of scientific discussion. 



20.22 

The idea of complementarity has been used 
by Bohr and other physicists to describe the 
use of the wave and particle pictures in atomic 
physics. The idea is another way of expressing 
human 1 imitaticr.s in the study of atomic phe- 
nomena. Bohr has argued that complementarity 
must be used in other connections than atomic 
physics, but there has been small success, if 
any. So far the only uses have been in analo- 
gies, or in highly general statements. Some 
exampl es are :• 

Bohr's biological example:- The vital aspect 
and the physiochemical aspect of living beings. 
The complete description, by means of physics 
and chemistry, of a living being would require 
an analysis so extreme in its various parts 
that it would inevitably lead to the death of 
the ubject studied. The study of the vital 
functions would hav:J to ignore in a large mea- 
sure the details of the physical and chemical 
D^^cesses taking place in tissues and cell?;. 
Neither study by itself would give a complete 
description of the behavior of living beings.^ 

Bohr's psychological example: We speak of 
living beings acting by instinct or with the 
use of reason, "instinct" and "reason" seem 
to be mutually contradictory but complementary 
aspects of behavior. 

An example of the use of the idea of com- 
plementarity in a more limited, perhaps trivial 
way: An account of what happens on a TV screea 
in terms of pictures of people and things is, 
in a sense, complementary ro the description in 
terms of electron bpams scanning the screen. 
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Prologue 

One of tne olaest, yet one of tne ex- 
citing current problems of physics con- 
cerns tne nature of matter. As long ag. • 
as the fifth century B.C. it was sugges- 
ted that material things are made up of 
small, indivisible particles;, yet m 
the enrly part of tne twentieth century 
reputable physicists could still chal- 
lenge tne validity of tne atoii'ic taeory 
of matter. This merger of a rich history 
with the ongoing oZ an mcOinplete story 
brings intrigue and excitement tu the 
study of matter.. 

The Prologue to Unit 5 gives a brief 
sketch of the early theories of matter. 
All of these theories share in the searcn 
for an explanation of tne multitude of 
i:ucro copic cnanges in terms of a micro- 
scopic "scuff." The earliest thinkers 
arcued /nether the basic "stuff" was 
atomistic or continuous.- Was there one 
ba',ic "stuff" or were there several? 
Aristotle provided the answer wnicn sat- 
isfied scnolars for two thousard years. 

The early theories of matter all inter- 
preted macroscopi:: cnange as the conse- 
quence of some kinds of transformations 
at tne microscopic (invisiole) level.. 
Thus several ingredients of modern atomic 
tneory were present in these early i:ne- 
ories of matter. Chief among these in- 
gredients are (a) the forerunner of our 
concept of the element, and (b) the in- 
terpretation of change as a consequence 
of transformations among the "elements." 

With these notions forming a vital 
part of man's view of matter, tne stage 
was set for some very penetrating ques- 
tions. Many of the techn:'Tues developed 
by the alchemists were available as a 
means foz carrying out experiments. These 
ideas, these questions and these tech- 
niques, in the hands of boyle, Lavoisier 
and Dalton, were the beginning of modern 
chemistry 

Sec. 17.1 Dglton's atomic theory and the lows oF 
chemical combination 

The historical background for tnis 
section is given in the Prologue to 
Unit 5. It should be pointed out that 
the work of the eighteenth century chem- 
ists provided important eviaence for the 
atoTic theory. Two accomplishments of 
tticse scientists were essential to the 
work of Dalton. First was the establish- 
ment of the concept of element. This 
concept, which has its roots in antiquity, 
was sharpened by Boyle in 1661 and was 
brought close to its modern form by 
Lavoisier in 1789. Second was the estab- 
lishment of quantitative methods as the 
approach to chemical problems. This 
lattftr point was particularly significant. 
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The postulates of Dalton* s atomic 
theory reflect nis confidence m tne 
validity of tne law of consoivation of 
mass.: As Dalton wrote. 

No new creation or destruction of 
matter is withm tne reacn of 
cnemical agency. We might as well 
at-empt to introduce a new planet 
ihto tne solar systeiu, or to anni- 
hilate one already in existence, 
as to create or destroy a particle 
of hydrogen . 

Pernaps tne most important contribu- 
tion of Dalton was nis empnasis on tne 
weights of atoms.. Again to quote Dalton: 

In all one -al investigations it 
has justly sen considered an im- 
portant object to ascertain the rela- 
tive weights of tne simples wnicn 
constitute a compouna . 

(Simnles as used by Dalton is equivalent 
to elements . ) 

Sec. 17.2 The atomic masses of the elements 

The work of tne early chemists can be 
illustrated by the following analogy.. 
Suppose you are a guest at a tea party. 
Your hostess challenges you to determine 
whether granulated sugar or cube sugar 
IS being used by the guests in the ad- 
joining room. You accept the challenge 
and request your nostess to select five 
cups of fresnly prepared tea from her 
guests. After evaporating the liquia 
you weigh the sugar resiaue. You find 
the w'^^lght to be a multiple of some unit, 
say 1.4 units. You conclude, of course, 
that cube sugcr was used. Note tnat 
your conclusion is arawn witnout having 
ever seen a sugar cube I 

The conclusions about relative atomic 
masses are drawn in a similar, but more 
indirect manner. The indirectness follows 
from the fact that several types of ex- 
perimental results must be utilized to 
arrive at the relative atomic masses. 

If your students desire a more detailed 
description of the way in which relative 
atomic masses were determined, wait until 
Sec. 17.8 is concluded.^ Three lines of 
evidence can then be utilized. Note: 
Pursuing the evidence upon which relative 
atomic masses were based is not recom- 
mended; therefore, the material in t^^e 
appendix of this chapter is present^-.d 
only to enable you to give guidelines to 
interested students. The PSSC film .v'rn- 
ber 0110, Definite and Multiple Propor- 
tions, would be use~ul in providing back- 
ground for this section. l.K. Nash has 
written a case study of the atomic- 
molecular theory which is published in 
tne Harvard Case Histories in Experimental 
Science. A paperback. Through Alchemy to 
Chemistry , by J. Read, a Harp"e"r^orchboo\, 
gives historical background for Chapter 17. 
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Sec. 17.3 Other properties of the elements: valerce 

Dalton's theory provided an explanation 
for the conservation of mass and trie law 
of definite proportions .> Yet many ques- 
tions were left unanswered. Cnief among 
these was the question, "What makes atoms 
unite with eacn other?" The idea of af- 
finity was introduced m an attempt to 
"explain" why nitrogen will react with 
more hydrogen than will litnium. Unfor- 
tunately, the idea of affinity explained 
nothing. It is equivalent to saying that 
wood burns because it is combustible. 

The concept of valency slowly devel- 
oped as an attempt to understand ana 
therefore to predict tne way m wnich 
atoms would combine. Valence nurobers 
could be assigned by an analysis cf data 
such as occurs m Tables 17.2 and 17.3. 
With these valence numbers one coulu pre- 
dict the outcome of a reaction between 
two elements; however^ one still could 
not understand why atoms united. Under- 
standing did not come until the atom 
took on an internal structure 

A note of warning 1 The word valence 
came to mean different things to differ- 
ent cnemists consequently , it has been 
abandoned m some modern cnemistry texts. 
However, even where the noun form is re- 
jected, tie adjective form still finds 
broad usage. Tne bonding electrons are 
called valence electrons and these elec- 
trons are found m valence orbitals . A 
frequently used near-synonym of valence 
IS oxidation number.. 

Sec. 17.4 The search for order and regularity 
among the element s 

Two developments stimulated the dis- 
covery of new elements. Tne firs .as 
the precise dcifinition of an elemenc 
framed by Lavoisier. This definition 
suggested new experiments, for example, 
the investigation of gases, which earlier 
had all been considered to be the same 
element. The second was the development 
of new physical tecnni''^ues which aided 
in the discovery of new elements. Elec- 
trolysis (Sec. 17.,7 and 17.8) and spec- 
troscopy (Sv^c. 19.1) were experimental 
techniques which assisted m the quest 
for new elements.. The periodic table, 
an empirical relationship f jund to exist 
among the elements, suggested the prop- 
erties of unknown elements and hence 
hastened their discovery (Sec. 17.5). 

Among the elements, there were found 
those which possessed very similar prop- 
erties. Classifications were made. 
Here is an example of the fact that clas- 
sification is a very important k:nd of 
scientific activity . It represents the 
first step m bringing order out of 
chaos. Frequently the development of a 
theory is preceded by the class.\f ication 
of facts. Two such theories, to be con- 
sidered later, deal with atomic spectra 



and radioactive series. A nuiuDcr of broad 
classifications can be made by even the 
casual observer: organic vs. inorganic, 
metal vs. non-metal, solia vs. liquid vs., 
gaseous, dense vs.- porous, etc. These 
relationships found to exist among tne 
elements set the stage for tne next de- 
velopment. 



Sec. 17.5 Mendeleev's periodic !able of the element s 

The accumulation of data concornmq 
the properties of tne elements and tne 
discovery of relationships between tne 
elements gave risp to a more general re- 
lationship based on tne atomic weigiits 
of the elements. In Mendeleev's own 
words , 

The law of periodicity was a direct 
outcome of the stock of generaliza- 
tions and established facts which 
had accumulated by the end of the 
decade 1860-1870; it is an embodi- 
ment of those data m a more or less 
systematic expression 

The periodic table is the basis for 
the periodic law which states that when 
the elements are arranged (ordered) ac- 
cording to their atomic masses,, a peri- 
odicity of their properties results. At 
about the sam^ time that Men 1 ^ev pub- 
lished his version of the pe^ i.c table, 
Meyer, in Germany, enunciated the peri- 
odic law while in England Newlands noted 
the repetition of properties when the 
elements are arranged m order of atomic 
weights. Why then is Mendeleev credited 
with the discovej'y? 

The reason is tnat Mendeleev did mucn 
more than produce an arrangement of the 
elements. Generally, the periodic law 
IS regarded as growing out of tne peri- 
odic table; however, as far as Mendeleev 
was concerned, perhaps the opposite was 
true. It appears that he was convinced 
of the validity of the periodic law and 
his arrangement of the periouic table 
merely conforms to it. Thus, titanium 
had to come in the same family as silicon. 
This represents a departure from the 
schemes reposed by his contemporaries. 

Furthermore, tne placement of titanium 
under silicon left a vacancy under alumi- 
nium. This provided Mendeleev with an 
opportunity — the oppor^ anity to use the 
periodic law to deduce ohe properties of 
an unknown element. This clinched itl 
Given the alternatives, the scientific 
community will always cnoose a theory 
that not only correlates; data, but alto 
predicts new results. ^giin to quote 
Mende leev : 

The confirmation of a law is only pos- 
sible by deducing consequences from 
it, such as could not possibly be fore- 
seen without it, and by verifying these 
consequences by experiment. 
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The book The Pi scovery of the Elem Pnh<. 
by Mary Elvira Weeks would be useful"fo~ 
Sections 17.5 and 17.6. This book, pub- 
lished by the Journal of Chemical Educa- 
tion, contains an extensive bibliography. 

Sec. 17.6 The modern periodic toble 

In 1894 , Sir William Ramsay wrote to 
Lord Rayleigh: "Has it occurred to you," 
he wrote, "that there is room for gaseous 
elements at the end of the first column 
of the periodic table?" Pric-r to this 
letter ^ Ramsay had been work^.ng with 
atmospheric nitrogen. He found that a 
small fraction of residual gas was left 
after the nitrogen had been absorbed by 
hot magnesiun . A spectroscoDic analysis 
of the gas showed it to be a* hitherto 
unknown consti+-uent of air. The gas was 
argon. Thus began a series of discover- 
ies which resulted m a ir.aijor modifica- 
tion of the Mendeleevian version of the 
periodic table.- 

Helium had been "known" since 1868. 
In 1868 helium was observed spectro- 
scoDically as a constituent in the sun's 
chromosphere. It went unexpla'ned until 
Ramsay, in 1894, extracted small amounts 
of gas from uranium ore and discovered 
terrestrial helium. With helium (atom- 
ic weight 4.0) and argon (atomic weight 
40) discovered, the periodic table is 
again left with a vacancy' In 1897 , 
Ramsay, speaking in Toronto, stated- 

There should therefore be an undis- 
covered element between helium and 
argon with an atomic weight 16 units 
higher th^n that of helium and 20 
units lower than that of argon .. 
and pushing this analogy further still. 
It IS to be expected that this ele- 
ment should be as indifferent to 
union with other elements as the two 
allied elements. 

THUS , neon was predicted] 

T'le modern periodic table is one of 
the most useful devices to the chemist. 
In experienced hands, it can lead to new 
discoveries of many kinds.: Haber used 
the tabj.e in the development of his high 
pressure catalytic synthesis of ammonia, 
an important industrial process. A more 
recent example is the discovery of the 
freons which are important gases for 
use in refrigerators and air-condition- 
ing units.- In a matter of a few hours 
after determining the desirable qualities 
of these refrigerants, Thomas Midgley Jr. 
and two associates deduced from the re- 
lationships of the periodic table that 
the substance CCI2F2 , a f reon , should 
have the desired properties of being 
stable, nontoxic, nonflammable, non- 
corrosive, etc. This discovery led to 
the development of a lar^^e industry. 
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By I^^OU, a fundamental uasis for tiio 
pcriodic^ lavv was needed. At tnis tirae, 
the periodic table was an empirical de- 
vice. As an empirical device it was 
very useful — just as Kepler's laws were 
useful for calculation purposes. Until 
the inverse-square law was postulated by 
Newton, however , Kepler ' s laws remained 
a mystery. Likewise, until tne internal 
structure cf the atom was studied, the 
periodic table remained a mystery. 

Sec. 17.7 Fiectricity and moffer: quolitofive studies 

Here we see arother great synthesis: 
two subjects, previously tnought to be 
unrelated, are beginning to coalesce. 
Some of the other syntheses that have 
occurred are terrestrial physics and 
celestial physics, electricity and mag- 
netism, electromagnetism and light, 
heat and matter, and space and time 
(Chapter 20) . Syntiieses always lead to 
a deeper understanding of phenomena. 
Here the synthesis is between electricity 
and matter — a link is established be- 
tween them. 

All substances seem to fall into one 
of two categories: those that allow an 
electric current to pass through tiiem 
with ease and those tnat do not. The 
former we call conductors and the latter 
insulators. Conductors can be gaseous, 
liquid, or solid.. Ordinarily, gases are 
poor conductors; however, when they are 
subjected to a high potential or to cer- 
tain kinds of radiation, they become 
highly conductive. The solid conductors 
are th'^ metals. (An important class of 
materials such as silicon and germanium 
also conduct electricity, but with dif- 
ficulty. Such materials are called 
semi-conductors.) Liquids that are 
electrical conductors are called elec- 
trolytes . 

Among the first investigators of tne 
interrelationshipj between electricity 
and matter were Humphrey Davy and J.J. 
Berzelius. Grow: .ig out of their work 
was one of the first attempts to system- 
ize chemical behavior. Berzelius de- 
veloped the dualistic theory which was 
to form the basis for chemical combina- 
tion He assumed that chemical and 
electrical attraction were essentially 
the same. Atoms were believed to be 
polar. Chemical combination was the 
result of the interaction of the polar 
atoms. This theory, advanced in 1812, 
was important until the advent of or- 
ganic chemistry in the 1830's. Then 
the dualistic theory became a handicap 
rather than a help.. 
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Sec. 17.8 Electricity and matter; quantitative stu dies 

In the last section it was os Laul vsr^eu 
tna* chemical cnanyos are brought auout 
by electricity. Tnis was conclusively 
demo.istrated by Davy. Later Faraday, wno 
started nis scientific career as an as- 
sistant to Davy, establis.ied quantitative- 
ly the amount of chemical change caused 
by a given quantity of electricity. 

One of Faraday's important ccntriou- 
tions was tac development of txie des- 
criptive terms which are now univcrs<illy 
used. He, together witn William Whewull, 
devised the terminology m 1833 wnich 
ena^^les one to describe the mechanism of 
e} .rolysis. The conductor, solution, 
or molten salt, is the electrolyte .* The 
conductors by which tne positive current 
enters or leaves the electrolyte are the 
e lec trodes ; the pos i tive curi en t en ters 
ti^.e positive electrode, tne ancxi , and 
leaves tne negative electrode, \lhe catii- 
ode. The charged particles that move 
toward the anode are called the anion s 
and those that move toward the cathode 
are called cations. 



-i 



anode 




Cat hoJ«. 



elcctr#Iyt« 
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E \ectro\ys\ £ 

In the process of electrolysis, inter- 
esting energ-tics are involved. The bat- 
tery converts chemical energy into elec- 
trical energy; that is, a potential 
difference is established between the 
terminals making che anode positive with 
respect to the cathode. Thus, positive 
particles are attracted to the cathode 
and negative particles to the anode. 
Where does the electrical energy go? It 
is dissipated as heat m the electrolyte 
and in the external circuitry. 



*A1J underlined words were devised by 
Faraday and Whewell. 



Uuito early in nis roscarcii, I aia..i.iy 
believed that a quantitative rti 1 at i on^;M j 
could ue established uetwoer. cno::\ical 
change and quantity of electricity. nis 
efforts to aiscover tnis relations. iip 
were frustrated by tiie fact tJiat soccni- 
dary reactions often occurred to compli- 
cate the results. However,, after no 
developed ti»o volta-electroiuot ei , since 
190 2 called tne coulometer, his worx 
proceeded more smoothly. Tne couloiaotcr 
served as a standard. When it was placua 
in series with otiier electiolytic eel lb, 
tlie amount of decomposition occurring m 
them coulu be comparea to tiie aiuount of 
hydrogen liberated. 

A tynical exper imen tal arrangement 
for verifying Faraday's laws cf elec- 
trolysis is shown below. Five beakers 
are placed in series with a battery and 
an ammeter. A timing device aloo 
necessary. li the exoeriment is con- 
ducted in such a way that the product 
of current and time equals 96>540 cou- 
lorJjs , data such as shown in Table 17.1 
will result. The relative masses have 
the same ratios as those determined 
from chemical analysis. Thus, tliere is 
a quantitative connection between chemi- 
cal change and amount of e lec tr ici ty . 




Beaker 1: a coulometer 

Beaker 2: liCl solution 

Beaker 3: molten NaCl 

Beaker 4: :;^olteh M0CI2 

Beaker 5: molten AICI3 

This kind cc experiL^.ent greatly as- 
sisted the chemists with one of the big 
problems of their day, atomic weight 
values. Under explicit conditions, tne 
amount of an element liberated at an 
electrode is called the equivalent mass. 
In Faraday's own words: 

I have proposea to call the numbers 
representing the proportions m wliicii 
they are evolved electro-chemical 
equivalents . 

Thus, m the table above, tiie equi- 
valent masses of H, Na, Mg and Al are 
1, 23, 12 and 9. The equivalent masses 
of these elements determine how much of 
them will combine with other 'Elements. 

There is a profound implication cf 
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the laws of electrolysis. This i:npli- 
cation was eloquently expressed by 
Helmholtz m 1881 m his Faraday Lecture 
ture delivered at tne Royal Institution. 
Now tne most startling result of 
Faraday's law is perhaps this: 
if we accept tne hypotnesis that 
the eleiientary substances are 
composed of atoms, we cannot avoid 
concluding that electricity also, 
posits 7e as well as negative, is 
divided into elementary portions 
which behave like atoms of elec- 
tricity . 

As wo shall see m the next cnapter. 
It was 3ust 16 years after "atoms of 
olectricity" were proposed by Helm- 
holtz that the electron was discovered 
ered . 

Thus we have gone a full circle. 
We have used electricity to gain :n- 
sight into the nature of matter and 
we have succeeded. However, our suc- 
cess was greater than ve anticipated, 
for m the process we gained ms.ght 
into the nature of electricity. The 
stage IS all set for the next part of 
our story. 

Sec. 18.1 The problem of ofromic strucfru;e ; pieces f^f 
Qfroms "~ 
liistorically, one might say that phys- 
ics began with Galileo and cnemistry with 
Lavoisier and Dalton. It is important to 
stress at this point the intermingling of 
chemxstry and physics. The concept of 
element postulated by Lavoisier became 
inseparable from Prout's law (discu.^sed 
m Chapter 23). Proufs hypothesis (1815) 
of basic building-up units of matter found 
acceptance m latter-day physics and chem- 
istry. Mendeleev* s periodic table re- 
vealed a need for basic "structure" on 
which atoms might be built. However, a 
lack of any direct experimental evidence 



pomtmy toward a structure lor atoms 
prevented further sperulat^-M . No reas' ^ 
could be advanced at the ti.^o foi tlie 
periodicity of elements wit\ :.iiMldr prop- 
erties. It was left for later experi- 
menters like becsjuerel and otherb finally 
to find the way, .-^^d not until tne tnoory 
of atomic struct J was advanced by Bonr 
uid the periodic table find complete ac- 
ceptance and exp(irimental support m the 
microscopic domain. vSuc;gested Heading: 
From Atomos to Atom , a Harper Torchbook 
by Andrew" G7 Van Melsen. 

Sec. 18.2 Cothode rays 

..The pioneer work of Geissler and 
Plucker led to subsequent discoveries 
connected with cathode rays. iiowever, 
one must not forget to give due credit 
to Crookes. Crookes' new interest :n 
vacuums led him to study the Geissl - 
tubes. He perfected them for more effi- 
cient study of the radiation, and they 
have been called "Crookes ' tuoes" ever 
since 

Crookes represented tne results drc^ma- 
tically and systematically. ue showed 
that cathode rays travel m straight lines 
and can cast shadows. He also showed that 
the radiation can turn a small wneel when 
It strikes one side. Crookes also showed 
that the radiation can be deflected by a 
magnet. He was convinced, therefore, 
that he was dealing with charged particles 
and not electromagnetic radiation. Ci^ookes 
spoke of these charged particles as a 
fourth state of matter, or an ultra-gas, 
as far beyond the ordinary gas m rare- 
f^^ction and intangibility' as an oidmary 
gas is beyond a Ivquid. 

Crookes on several occasions nearly 
stumbled onto great discoveries that were 
eventually made by ciphers. (More than 
once he fogged photographic plates during 
the running of his tube, tliongh his plates 
V7ere contained in their boxes. Ho^vever 
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he missed the connection and it was 
Roentgen who later, usmy Grooves' tube, 
discovered the x rays.) 

The Aurora Bore a lis t>nenomenon nas oeen 
tne sub3ect of speculation ever since tne 
time of Benjamin Frankim, wno attri;juted 
the phenomenon to electricity. Tnat it 
is due to electric rays from the sun was 
suggested in 1872 uy A.B. Donati of 
Florence. Eugen Goldstein of Berlin neld 
tnat they were cat node rays from tae sun. 
Kristian Birkeland (1867-1917) of Christi- 
ania (now Oslo) , adopting tnis view, con- 
structed a miniature model of tne eartn 
(terrela) and exposed it to catnode rays 
in a vacuum tube. Later when tnis ter- 
rela was magnetized, it possessed an il- 
lumination concentrated upon a spiral 
patn about the poles and a thin luminous 
ring about the equator. The macnemati- 
cal theory of these phenomena was elab- 
orated by Carl Stormer. 

During the last decade of tne nine- 
teenth century tne scientific world was 
divided over the nature of cathode rays- 
The English scnool favored Crookes' the- 
ory that cathode rays consisted of tiny 
negatively charged particles. Tne German 
investigators were unanimously opposed. 
The German school was of the opinion 
that cathode rays were ether waves simi- 
lar to tne electromagnetic (radio) waves 
discovered by Hertz m 1887. Tnis view 
was strengthened by Hertz's discovery 
that cathode rays were small enougn to 
penetrate gold leaf. 

If cathode rays really consisted of 
negatively charged particles, they would 
be deflected botn by an electric field 
(electrical force) and by a magnetic 
field. Hertz was unaule to detect sucn 
an effect in an electric field, no matter 
how he tried to perform this experiment. 
Thomson decided to repeat Keruz's exper- 
iment and also to remove what ne tnought 
was a discrepancy in earlier procedures. 

When Thomson tried to deflect catn- 
ode rays by passing them between elec- 
trically charged plates within the 
vacuum tube, he also obtained no result. 
Although he observed a i^light flicker 
when the electric field was first turned 
on, he discovered tnat he could not ob- 
tain a permanent deflection no matter 
how strong he made his electric field. 

After much tnought Thomson finally 
theorized that tne catnode rays were 
converting the particles of gas into 
charged ions upon collision, and these 
charged ions were tnen immediately at- 
tracted to the plate of opposite charge. 
Thus the plates were neutralized by the 
ionized gas particles almost instanta- 
neously and they could no longer produce 
an electric field. 



Th,: romedy was to navo tr.e ^as mi tiio 
discharge tube at a very low pressure. 
Wnen this was done, Tnonson was at)le to 
detect his bearn of catnode rays uemg 
bent m the electric fielu. li i obtained 
rays with the fantastically high velocity 
of 160,000 miles per second m subsequent 
oxperi:nents . His conclusions vcre then 
mcontestaols . 

Cathode rays were first brought to 
notice m 1855 . It may b-i helpful to 
mention here that in 1886 Golastem dis- 
covered a new kind of radiation m tne 
Crookes* tube whicii ne calleu "canal 
rays." These are discussed m some de- 
tail in Unit 6. If the cathoae is made 
of a perforated metal plate (i.e., one 
with holes m it), then, m addition to 
the cathode rays traveling from tne 
cathode to the anode, we aiso ooserve a 
stream of rays benind tne cathode. When 
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the cnarges of these rays were found 
by deflection in electric and magnetic 
fields, they were discovered to be posi- 
tive and integral multiples of elemen- 
tary charges. If = the elementary 
charge, then oniy integral multiples of 

appear, i.e., nq^, where n = 1, 2, 
3 . . .or some whole number . 

The masses of tiiese positive rays 
depend on the nature of ice substances 
in the tube. When hydrogen is used in 
the tube, the multiple of integral 
charge is always n = 1. Tnis was, m 
fact, one of tne first instances of the 
direct evidence of singly charged posi- 
tive ions of hydrogen. In a sense, it 
was an "alter ego" of tne electron. 

The positive rays appear only when 
there is enough gas m tne tuoe so that 
ionization can be produced by the col- 
lisions due to the cathode rays. 

It may be significant at this point 
to mention positive rays so tnat later 
concepts of a positive center and nega- 
tive orbit for a neutral atom m tne 
Bohr theory may find easy acceptance. 
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Sec. 18.3 The meosuremenf of fhe chorge of \he 
electron: Miliikon's experimen f 
Among tne several successtul atte-i^ts 
made to measure tne cnarge on an elec- 
tron, prominent are tnoso of J.S. Town- 
jend, J.J. Tnomson, li.A. wilson and 
R.A. Millikan, several of tnem familiar 
today as Nobel Prize winners. Altnou^jn 
Millikan* s metnod was probaLly tne niost 
accurate and the sinplest, ne was not 
the on ly one who carried out experinents 
on the cnarged particles. From nis mea- 
surements ne demonstrated wnat nad been 
previously surmised by Benjamin Franklin 
and by more recent physicists, namely, 
that electricity has a corpuscu' --^r struc- 
ture. 

As early as 1899 it was snown by 
John S., Tov^nsend of Oxford tna\, tne pos- 
itive or negative cnarge carried by 
ion in a gas was equal to the cnarge 
carried by the hydrogen ion m tne elec- 
trolysis of water, /ullikan snowed con- 
clusively that electricity consists of 
equal units, tnat tne electric cnarge of 
each single ion is always a multiple of 
this unit, and that this unit of cnarge 
is not merely a statistical mean, as tne 
atomic weights have been shown to be. 

For reasons of historical interest 
iec us consider Thomson's measurement 
of the electronic charge, lie nad already 
performed experiments yielding q /m val- 
ues for the cathode rays, as expfamed 
in the text. Thou^jh the results were 
consistent enough, Thomson was by no 
means certain that tne difference be- 
tween the q^/m value for cathode rays 
and the q^/n*. value for nydrogen ions in 
electrolysis was entirely due to the 
enormous difference m tne relative 
ir.asses of the hydrogen ion and tne "cor- 
iuscle" — i.e., electron. Indeed, the 
charge on the negative electron could be 
several times thar of the hydrogen ion 
and still leav^e the latter very mucn 
hea^'ier than the former. 

The only way to resolve tnis was to 
determine q independently., Thomson's 
method vvas described in a paper puklishea 
in the Pni losopnical Magazine ^ December 
1898. Ke used ions in a gas which acted 
like nuclei for condensation from super- 
saturated water vapor, thus producing a 
cloud of water droplets . One can deter- 
mine the charge carried by each of them, 
and hence by the original ions m the 
following way. ' 

By measuring the downward velocity of 
the cloud falling under gravity, he cal- 
culated the radius of each droplet. This 
was done by using stoke 's formula for 
viscosity : 

V = 2(o - q)qa^ 
9u 
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. = coefficient of viscosity 

= the density of drops 
* = density of the air 
g = gravity 
a = radius 

V = velocity of tne arop 

Next tne cloud was made to move under 
tne influence of an electric field and 
the ions fell on a plate connected to a 
condenser. Tne rate at whicn tne poten- 
tial on the condenser cnangod was mea- 
sured.: Since tne number of ions origi 
nally present could oe calculated dv 
knowing tiie amount of water whicii was 
condensed on all the ions, the cnarge on 
a single ion could be calculated. The 
results showed large var:.ations, and tne 
method was obviously mapp.icable to the 
problem of determining tne charge car- 
ried by individual corpuscles. 

Contrast this with the simplicity and 
accuracy of Millikan's metnod. The small 
est cha.ge tiiat Millikan measured had tne 
value 1.6 ^ lO" coulombs. All otner 
electric charges were multiples of this 
charge.. More recently discovered posi- 
trons havs a charge equal m magnitude 
to that of electrons but opposite m 
sign. Since tnen particles of various 
masses have been discovered, out so far 
all have charges tnat are integral mul- 
tiples of the electronic charge. Like- 
wise, recently discovered particles 
called mesons of masses 273 times that 
of the electron also have just one elec- 
tronic charge . 

There is no direct correlation between 
the mass of .a particle and its charge. 
The electronic charge nas been found on 
some of the lightest as well as some ot 
the heaviest particles in existence, for 
example, a positron and a proton., 

Millikan 's metnod has now been out- 
dated by visual methods using oubbie 
chambers, etc.- where the tracks of par- 
ticles can be actually observed as bent 
m magnetic fields and direct inferences 
can be drawn. 

Sec. '8.4 The photoelectric effect 

The photoelectric effect was discov- 
ered by Hertz in tne course of nis work 
designed to show experimentally that 
Maxwell's prediction of electromagnetic 
waves was correct. In particular, the 
wave theory of light had beer incorpora- 
ted in Maxwell's electromagnetic theory, 
and thus all observable phenomena were 
explained in terms of it. The example 
indicated below serves to illustrate why 
the wave theory m its electromagnetic 
form was incapable of giving tne correct 
oraer of magnitude for the time taken in 
ejecting electrons. 
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Derivation of time delay required by 
wave model 

Ir a properly lit classroom tnere are 
a*- Jfdst 10 foot-candles of illumination 
at u'.e laooratory tables. This is equiv- 
alent to about 1500 ergs/sec/cm^ of radi- 
ant energy. 

Suppose that these 1500 ergs/sec fall 
on 1 cm of zinc causing it to emit 
pho toelectrons . 

In zinc, the atoms are 2.5 ^ 10'^ cm 
apart. Thus m ti.o top layer of zinc 
atoms in 1 cm^ there are: 

1 

(2.5 X 10-®)2 



15 '* 

= 1.6 ^ 10 atoms/cm'' 



Kf o - w 




Fig, TG 18.2 



If the light consists of waves tnat 
penetrate ten layers of atoms, its energy 
will be cistributed over 10 x i.e - 10^^ 
= 1.6 ^ 10^^ atoms. Nou suppose tnat 
each atom absorbs an equal snare of the 
1500 ergs/sec which are available. (No- 
tice how our wave model differs from our 
particle model interpretation on tnis 
point. ) 



This is: 



1.5 X 10^ ergs/sec 



1.6 



9.4 



10^ 



atoms 



lO"^** ergs/sec/atom. 



The work function of zinc is about 



4.9 X 10 



-12 



ergs . 



To acquire this much energy at the 
rate of 9.4 x 10" ergs/sec'an atom of 
zinc woulc. have to "save up" for 



4.9 



10" 



-12 



9.4 



10- 



mr 



ergs 



ergs/sec 



52 sec 



before it had enough energy to emit a 
photoelectron. 

The work functions of some other ma- 
terials yield times twice as long under 
similar conditions. 

Sec. 18.5 Einstein's theory of the photoelectric 
effec t: quanta 

Einstein's theory of the photoelectric 
process can be suitably explained in terms 
of the illustrative analogy shown in 
Fig. 18.1. The illustration explains 
clearly the notion of work function and 
threshold frequency. A quantum "kick" 
of energy hf sends the electron up a 
height W and provides some additional 
kinetic energy as well. Tnis explains 
the character of W as potential energy. 



In Fig. 18.2 the idc of threshold 
energy is explained, ine kick is just 
sufficient to overcome the potential 
height W, so that the electron at the 
top of the hill has zero kinetic energy.. 
It is obvious that any energy less than 
hf^, (which is just enough to send the 
electron up the hill), will fail to eject 
the electron over the potential hill. 

Sec. 13.6 X rays 

X rays are similar to gamma ^ays; 
however, the two have a different origin., 
X rays derive from atomic elec rons 
whereas gamma rays originate in the atom- 
ic nucleus. Gamma rays have discrete 
energies whereas x rays from a convention- 
al x-ray tube have a continuous energy 
spectrum over a considerable range of 
wavelengths. The "peak voltage" is used 
to characterize both the voltage at which 
the tube is operated and the maximum en- 
ergy of the resulting x rays. 

Supplementary X-ray Information 



Frequency 
cycles per sec 



10 
to 



1 6 



Wave leng th 
cm . 

3 X 10"^ 
to 



10 



20 



10 



-10 



The frequencies of gamma rays and 
X rays overlap at about 10^® sec"^, where 
the lower limit of gamma-ray frequencies 
lies. Radiation of wavelength 3 x lo~^ 
cm could be produced by a voltage of 
100 volts across an x-ray tube, and would 
be called "soft" x rays. Wavelengths of 
the order of 3 x io~^ cm are obtainable 
from tubes using 100,000 volts. 
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Identical radiation, called gamina rays, 
IS also obtainable from nuclei, when 
electrons are decelerated, thus producing 
very high frequency (or very small wave- 
lengta) radiation, it is difficult to 
decide whether to characterize tne radi- 
ation as x-ray or garuma-ray. Electrons 
witn energies up to a billion electron- 
volts can produce sucn nigh-f reguency 
radiation. Actually the term x rays is 
reserved for lov/er frequency radiation 
produced by the x-ray tuoe. 

The decision to discuss gamma rays at 
this point is left to tne discretion and 
inquiry of the teacr.er and student re- 
spectively. Since they are very similar 
types of radiation, there may oe an ad- 
vantage m th?s type of approach insofar 
as a brief comparison is concerned - 



Brief Note on Roentgen 

Wilhelm Konrad Roentgen received tne 
Nobel Prize m 1901. It is said tnat 
he objected strongly to calling nis 
X rays by the name "Roentgen rays." He 
believed that scientific discoveries be- 
longed to mankind and tnat tney snouid 
not in any way be hampered by patents. 
In fact, he chose to donate his Nobel 
Prize to the University of Wurzburg. 
Roentgen died on February 10, 1923"in 
his seventy-eighth year. Ironically, 
he died of cancer, a disease wnich often 
responds to treatment by x rays. 

Sec. 18.7 Electrons, quonto ond the atom 

Directly after the discovery of cath- 
ode rays (electrons) and tne indirect 
evidence for positively charged matter, 
speculations were made about the nature 
of neutral atoms. A number of tneories 
of atomic structure were proposed in the 
period 1897 to 1907. The most prominent 
of all these theories was that advancea 
by J.J. Thomson. His theory made an 
attempt to meet the following require- 
ments : 

(a) The atom had to be a stable 
configuration of positive and 
negative charges. 

(b) The atomic tneory had to offer 
some explanation for the details 
of atomic spectra. 

(c) The theory had to account for 
the chemical differences and 
resemblances of elements. 

Thomson's interest m the relation bo- 
tween chemical properties and atomic 
structure may well have derived, in part 
at least, from the indifferent attitude 
of chemists to his discovery of the elec- 
tron. 
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Thomson's model had to deal witn a 
collection of positive and negative 
charges m equal numoer, where tne 
charges obeyed the inverse-square law 
of attraction and repulsion. These 
charges would be required to settle m 
a position of stable equil loriura, witn- 
out falling into one anotner. Oscilla- 
tions of these charges about tnis stable 
position would result m tne emission 
of line spectra. Tne problem was not 
an easy one, and was eventually explained 
differently (See Sec. 19.5.) 

J.J. Thomson proposed his theory m 
1904. His model nad staole distribu- 
tions of rings of different numbers of 
electrons rotating withm a sphere of 
positive electricity. He inaae an attempt 
to correlate his stable configurations to 
chemical properties as seen m Mendeleev's 
table. It may be woith mentioning at this 
point that this picture of the atom was 
not due to Thomson alone, and was, m 
effect, based on an laea previously sug- 
gested by Kelvin. This was published 
in the Philosophical Magazine , Vol. 3, 
?• 257, iyo2, entitled "Aepinus Atom-' 
ised" m which Kelvin developed a theory 
of electricity based on tne properties 
of electrons, j.j. Thomson's paper was 
first seen in 1904 in The Phi losophical 
Magazine, Vol., 7, p. 237, entTtled: "On 
the structure of the atom: an Investi- 
gation of the stability and Periods of 
Oscillation of a number of corpuscles 
arranged at equal intervals around the 
circumference of a Circle; witn Appli- 
cation to the results of the Tneory of 
Atomic Structure. 

In his mathematical treatment ne con- 
sidered corpuscles (electrons) at rest 
within the positive sphere, and also 
corpuscles m angular motion about the 
center of the sphere. He came out with 
various configurations for various 
angular velocities and states of rest. 
The fundamental idea of his theory was 
that the atom consists of a number of 
corpuscles moving about in a sphere of 
uniform positive electricity. This 
theory raises at least thre- questions: 

(1) How do tne corpuscles arrange 
themselves in the sphere? 

(2) What properties does this 
structure confer on the atom? 

(3) How can this model explain the 
theory of atomic structure? 

The details of Thomson's model are 
rrathematical and much too complicated 
for class discussion. The model sur- 
vived at the time because it seemed to 
offer more possibilities for further 
development than did other theories. A 
quotation from Thomson's origjunal paper 
IS as follows: 
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Tho analytical and geometrical dif- 
ficulties of the problem of the dis- 
tribution of the corpuscles when they 
are arranged m shells are much greater 
than when they are arranged m rings, 
and I have not, as yet, succeeded in 
getting a general solution. 



Sec. 19.1 Spectra of gases 

During the latter part of the nine- 
teenth and into the early years of the 
twentieth century, two lines of interest 
were converging. The first was the inter- 
est m the nature of matter, with the 
discovery of the electron and radioactiv- 
ity, new questions cibout the internal 
structure of the atom were being asked.- 
The Thomson model of the azom was one 
attempt to answer some of these questions. 

A second line of interest was the 
study of spectra.' By the beginning of 
this century, a vast amount of spectro- 
scopic data had accumulated. It v:as 
known th~t each element possessed a 
unique spectrum. Certainly, any proposed 
theory of atomic structure had to account 
for the origin and characteristics of 
spectra 

Since no experimental technique has 
contributed more to our understanding of 
the intrinsic structure of atoms and mole- 
cules than spectral analysis, a brief de- 
scription of the technique will be given 
m the article section,, page 9G. 

Sec 19.2 Regularities in the hydrogen spectrum 

In the Balmer formula we once again 
encounter an empirical relationship. It 
is important to see the role played by 
such relationships. First,, an empirical 
formula should never be identified with 
an explanation, or theory. Second, while 
empirical formujias do not provide under- 
standing, they simplify and clarify what 
the theory musL explain. Newton's in- 
verse-square law very quickly took on 
significance when the known laws of Kep- 
ler could be deduced from it. Likewise, 
Bohr's model of the atom was enhanced 
when Balmer 's formula could be deduced 
from it. 

Sec. 19.3 Rutherford's nuclear model of the atom 

During the year 1908, Rutherford and 
his associates,, Geiger and Marsden, ini- 
tiated experiments on the scattering of 
alpha particles by a thin metallic foil. 
In 1909, they observed to their surprise 
that alpha particles could be scattered 
through a large angle (>90°) . The scat- 
tering experiments were completed in 
1909;, however, RutJierford pondered on 
their sigrificance for a long time Early 
in 1911, Geiger relates that 



One day Rutherford, obviously m the 
best of spirits, came into my room and 
told rpe that he now knew what the atom 
looked like and hov to explain the large 
deflections of alpha particles. On Uie 
very sane day I began ar experiment to 
test the relations expected by Ruther- 
ford between the numJoer of scattered 
particles and the angle of scattering. 

In order to understand the dran^a as- 
sociated vith this discovery, it would 
be effective to recall the then current 
thinking on atomic structure. In the 
Thomson model of the atom, the m.ass of 
the atom was distributed uniformly 
through the volume of a sphere. Witl^ 
such an atom only small angle deflec- 
tions of the alpha particle should be 
observed. An analogy can serve to show 
this quite convincingly. Let us think 
of the Thomson atom as a marshmallow. 
A bullet (our "alpha particles") inci- 
dent upon layers of such "atoms" would 
suffer little deflection. Since the 
Thomson model of the atom was the most 
popular with physicists, they were 
indeed surprised when alpha particles 
were observed coming backwards . 

When Rutherford informed Geiger that 
he knew what the atom looked like and 
could explain the scattering results, 
what was the basis for experimental 
verification? In the first place, Ruther- 
ford envisioned a new model of the atom — 
the -luclear model: a massive, positively 
charged nucleus surrounded by planetary 
electrons. (Actually an earlier nuclear 
model had been proposed by H. Nagaoka, a 
Japanese physicist. Nagaoka's model de- 
rived its inspiration from the planet 
Saturn. He envisioned electrons travel- 
ing m rings about a massive center form- 
ing a miniature Saturn-like system.) In 
its totality , however , the atom is mostly 
empty space. Now instead of the gold foil 
being thought of as layers of marshmallow- 
like atoms, it becomes an array of widely 
spaced massive nuclei. 

Rutherford scattering is further dis- 
cussed m the article section, page 

A very interesting biogiaphy of Ruther- 
ford has been written by E. N. da C- 
Andrade. It is entitled Rutherford and 
the Nature of the Aton. and appears m the 
Science Study Series. 

Sec. 19.4 Nuclear charge and size 

Rutherford *s scattering experiments 
were the beginning of an experimental 
technique that has been one of the most 
fruitful in producing information about 
the nucleus. Even today, scattering 
experiments are a widely used technique. 
By 1912, a rather precise model of the 
atom had emerged. The scattering exper- 
iments had indicated that: 
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1) the mass of the atom was concen- 
trated m a very small volume relative 
to the atomic volume. This was indica- 
ted by the fact that most alpha parti- 
cles suffered nc deflection whatsoever 
m passing through the foil. 

2) the concentration of mass carried 
a positive charge. This was suggested 
by the fact that of those alpha parti- 
cles scattered,, a very large fraction 
were scattered through small angles.. 

3) the size of the nucleus was on the 
order of lO"-'* meter m diameter. > This 
can be deduced by calculating the dis- 
tance of closest approach of the alpha 
particle to the nucleus. The calculation 
IS made by assuming that all the initial 
kinetic energy of the alpha particle is 
converted into electrostatic* potential 
energy at the distance of closest approach 
Thus, k.^owing the masses of the alpha par- 
ticle and the scattering nucleus and know- 
ing the initial kinetic energy of the 
alpha particle, the nuclear diameter can 
be deduced. 




The magnitude of the nuclear charge 
was found to be equal to the product of 
th^ atomic number and the electronic 
charge. Thus, the arrangement of the 
elements m the periodic table, arranged 
m terms of atomic number, could now be 
related to atomic structure. 

Moseley, who was killed duiing World 
War I , provided convincing evidence for 
the importance of the atomic number. He 
systematically followed up a discovery 
made by Bragg in 1913 that the heavier 
elements, when strongly excited, exhibit 
characteristic lines lying in the x-ray 
region of the spectrum. These x-ray 
spectra are quite simple as the figure 
below shows. Each element gave peaks 
having a slightly different wavelength. 
There was such regularity that Moseley 
was able to express the results in the 
form of an empirical formula similar to 
the empirical formula of Balmer. This 
formula may be written 

f = 2.48 X 10^ ^ (Z - 1) 2 

where f is the frequency in cycles per 
second and Z is the atomic number. This 
equation led to the discovery of new 
elements. For example, when the known 
elements were arranged according to in- 
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creasing frequency of their x-ray lines, 
a gap existed at Z = 43, indicating the 
existence of an eJement (now called tech- 
netium) then unknown. 

In spite of its usefulness, the nuclear 
model was not without its difficulties. 
As a review of some of the mechanics 
learned m Unit I, let us analyze Uie mo- 
tion of a planetary electron. The cen- 
tripetal force maintaining the electron 
in Its circular orbit about the nucleus 
is supplied by the electrostatic a rac- 
tion between electron and nucleus, 
we can write 

-electrostatic force = centripetal 

force 

or 

9 X 10^ > = ^ 
r ^ r * 

Classicall/, an accelerated charge 
produces electromagnetic waves. Since 
an electron moving in a circular orbit 
IS constantly accelerating, it should 
radiate. The expected frequency of the 
electromagnetic waves is just the fre- 
quency of the electron's motion about 
the nucleus. What is the frequency of 
the electron's motion? 

frequency = number revolutions/second 

f = v/2-r. 

From our relation above 

v/r = (9 X 10 9 Zq2/inr' : ^ 
e 

so f = (1/2:t)(9 X 10^ Zq2/mr3)^. 

If one assumes Z = 1 and r = 0.5 A, one 
finds that f = 7 x lo^^ sec"^ . 

Thus the atom should be emitting ultra- 
violet radiation! If it does, it loses 
energy. If it loses energy, r gets 
smaller, the electron makes more trips 
around the nucleus per second making the 
frequency of emitted radiation even 
higher. On this basis the atom should 
collapse m less than 10"® secondsl The 
question is, how do we account for the 
stability of the atom? 

Sec. 19.5 The Bohr theory; fhe posfulofes 

Before discussing the Bohr theory of 
the atom, it might be wise to list the 
questions to be explained by any atomic 
model . 

1. valence ; what determines the ability 
of an atom to combine with other atoms? 

2. periodic law ; what is at the base 
of the family relationships? 

3. periodic table ; can any model give 
insight to the ordering of elements as 
they are in the periodic table? 

4. electrolysis laws ; would an under- 
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standing of valence provide an under- 
standing of the laws of electrolysis? 

5. scattering data ; how can a nuclear 
model be stable? 

6. spectra of elements ; what is the 
origin of spectra? 

All of the consequences of the Bohr 
theory can be logically deduced from his 
basic postulates. An alternative wa^ of 
stating his postulates follows; 



Invoke Postulate 3 . 



Postulate 1, 



The 



in certain stable, 
which the electron 
mechanics. (Here 
that the electron 
radiating.) When 
stable orbit, the 
a stationary (i.e. 

Note; This postula 
culty discussed in 
atom should be uns 
late, the atom is 



electron can exist only 
circular orbits in 
obeys the laws of 
the word stable means 
does not lose energy by 
the electron is in a 
atom IS said to be in 
stable) state. 

te avoids the diffi- 

Section 19.4 that the 
table.: With this postu- 
stable by definition ! 



Postulate 2 . An atom can undergo a tran- 
sition from one statio^iary state to 
another stationary state and in so doing 
emits or absorbs radiation of frequency 

^ _ (higher energy) - (lower energy) 
^ ~ h 

where h is Planck's constant. 

Note ; Such discrete energy changes would 
appear as line spectra, where each line 
represents a specific energy change. 

Postulate 3 . The stationary states of an 
atom are those for which the angular 
momentum, mvr , of the atom is an integral 
multiple of h/2. 

Consequences of Postulate 1 ; 

Coulombic force = centripetal force 

q2 2 
_ ^e mv 



r-^ 

or, C q2 

Here the unknowns are v and r . 



t2 = mv^r . 
*e 



mvr = n 



2" '* 



With these two equations, the unknowns 
can be determined. From Postulate 3, 



nh 
2Trmr 



and thus , 



Cq^ = m "'h' r = 



Solving for r 



r = 
n 



n2h^ 
4Tr^mCq2 



In this equation all the factors on the 
right are known so r can be computed. 
At this point we have a check-point for 
the theory. The diameter of hydrogen 
was known froia kinetic d^ta to be on the 
order of 1 A. The above equation gives 
a value for the radius of 0.529 A. This 
is a very encouraging result 

Defining rj as the value of r when 
tpe integer n equals 1, we can write. 



^1 



4T:2n\Cq2 



The radius for an arbitrary orbit is 
ri = n^r^. This result means that only 
orbits with certain radii are permitted. 
Since r^ = 0.529 A, we have 



r2 = 4 (0.529 A) = 2.12 A 

ra = 9 (0.529 A) = 4.76 A 

etc. On this model no other^, intermedi- 
ate orbits, such as r = 3.5 A, can exist. 

Now the velocity of the electron can 
be determined. 

V = -J^ 
2Trmr 

2Tr m 
nh 



4T[2iT\Cq2 
2£ 

n2h2 



or. 



2TTCq2 



and V = — vi 
n n * 



Again the factors on the right hand side 
are known so that v can be computed. 

With the velocity known, the energy 
can be determined. The total energy is 
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the sum of the kinetic energy and the 
electrostatic potential energy, or 

E = i mv^ + (-C . 

Substituting our derived expression for 
r and v,, we can write: 



E = im ^ - Cq2 e 



n2h2 



n2h2 



2n2mC2q'* 4n2inC2q^ 



n2h2 



27T2niC2a^ 



n2h2 



n2h2 



Or we can write E 



—El, where can 



be computed from the known quantities to 
be equal to -13.6 eV.: This was another 
experimental check-point of the Bohr 
theory, for the energy needed to remove 
the electron from the hydrogen atom *'as 
known to be approximately 13.6 eV. Note 
that the atom can exist only in certain 
energy states; namely. 

El = -13 .6 eV 

E2 = -J 13.6 eV = -3.40 eV 

etc.^ In terms of this model, there is 
no energy of -10.0 eV. 

A gravitational analogy might be in- 
structive at this point in the develop- 
ment. A gravitational "well" is pic- 
tured below. At "ground level" the poten- 
tial energy is, by definition, zero. A 
stone can exist m stable positions (sta- 
tionary states) at certain potential ener- 
gies below the ground level which is 
defined as zero. Thus, energy must be 
absorbed for the stone to undergo a tran- 
sition from the -10 level to the -4 level. 
Sec. 19.6 The Bohr theory; the spectrol se ries of 
hydrogen ' ~ 

Bohr's first postulate is an ad hoc 
postulate stating that atoms do not 
normally radiate energy. Yet, atoms do 
radiate energy in a very specific way as 
they give rise to spectral' lines . This 
is where Bohr's second postulate becomes 
important. Bohr's second postulate 
states that a photon is emitted by an 
atom when a change from a particular 
high-energy state to a particular low- 
energy state is made. A photon is ab- 
sorbed when a change is made from a 
low-energy state to a high-energy state. 
Bohr's second postulate can be written 
in formula form as follows: 
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hf = E, - E . 

h i 

The subscripts h and i stand for higher 
and lower, whe -e , in dealing with nega- 
tive energies, the lower energies have 
the larger magnitudes (see Fig. 19.11).^ 
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All the factors in the first parentheses 
are known constants. The appearance of 
the integers in the second parentheses 
IS reminiscent of the Balmer formula. 
Balmer's formula was however written in 
terms of wavelength rather than fre- 
quency. When the last equation is re- 
written m terms of wavelength, it can 
be compared to the Balmer formula. (Note 
the change of algebraic sign.) 
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where the signs have been changed to make 
the first term positive.. 

The Balmer formula was written in terms 
of an empirical constant, the Rydberq con- 
stant, whose value is 109,677.58 cm"^. 
The question is, what is the value of the 
fraction in the derived formula above 
which is made up of known consteints? 
Does it equal 109,677.58 cm"^? It doefA 
This was indeed a triumph for the Bohr 
theory. 

The Balmer series of spectral lines 
occurs when n = 2 and n^^ = 3,4... Thus, 
we can derive the Balmer formula in its 
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entirety. In deriving it we understand 
It. Now the origin of spectral lines can 
be explained and understood. The mecha- 
nism at the atomic level res^")Onsible for 
the production of spectral lines is known. 
One of the main goals of an atomic model 
has been reached. 

Sec. 19. "7 Stationary states of atoms; the Franck- 
Hertz experiment 

The Bchr theory predicts that the energy 
of an atcmic electron is quar tized accord- 
ing to the relation E = Ei/n^. A direct 
proof of the existence of discrete energy 
states ir. atoms and a confirmation of Bohr's 
view of the origin of emission and absorp- 
tion soectra is provided by the experiment 
of Franck and Hertz. 

The experiment can be understood in 
terms of energy principles. The energy 
states of the hydrogen atom are repre- 
sented in the energy-level diagram below. 
The first excited state is 10.2 eV above 
the ground state and the second excited 
state is 12.1 eV above the ground state. 
According to the Bohr theory of the hydro- 
gen atom, its energies are precisely de- 
fined. 

Franck and Hertz studied the colli- 
sions between electrons and heavy mon- 
atomic atoms. Howe*.er, since we have 
already solved for tiie energies o' the 
hydrogen atom, we shall use it as an exam- 
ple. (Hydrogen is diatomic and the Franck- 
Hertz experiment can only be done with 
difficulty when hydrogen is used.) The 
energy of the bornbardxng electrons can be 
controlled by controlling the potential 
through which the electron "falls./' 
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gen atom, an elas tic collision occurs; 
that IS,, the electron has essentially as 
much energy after the collision as be- 
fore the collision. The same would be 
true if the electron had any energies of 
less than 10.2 gV . 

However, whe? the electron has an 
energy of 10 . 2 eV , a new result anpears . 
The electron no longer collides elasti- 
cally, but inelas tical ly , that is, it 
loses energy m the collision. In fact, 
it loses all its energy! Now 10.2 eV is 
just the energy difference between the 
first excited state and the ground state. 

An atom can also gam energy by photon 
absorption and lose energy by photon 
emission. In fact, in rhe Franck-Hert? 
experiment, after the atom gains energy 
by collis lonal excitation, it loses 
energy by photon emission. The emitted 
photon is the signal that excitation by 
electron collision has occurred . 

When the electron energy reaches a value 
of 12.1 eV, again the electron loses all 
its energy m the collision. The differ- 
ence between the second excited state and 
the ground state is 12.1 eV! 

Thus the Franck-Hertz experiment is 
a demonstration that excitation of atoms 
by collision is governed by the Bohr 
quantization of energy.. 

Sec. 19.8 The periodic table of the elements 

The Bohr theory provided a model of 
the atom which can be correlated with 
the periodic table and the periodic law. 
In the Bohr model, electrons move in 
well defined orbits.. The chemical and 
physical properties of an element depend 
upon the arrangement of the electrons 
about tlie nucleus . To account for the 
periodic table and the periodic law, we 
must be able to determine the arrange- 
ment of electrons m the arom and show 
that the chemical and physical proper- 
ties follow from this arrangement. This 
could not be done in a rigorous fashion 
until after the advent of quantum mechan- 
ics, yet the Bohr model was suggestive 
of the coming solution. 

The electrons in an atom can be re- 



ground 



Let us establish a potential differ- 
ence of 5 volts across the tube. With a 
potential difference of 5 volts, an elec- 
tron can obtain a kinetic energy of 5 eV. 
If p I-eV electron collides with a hydro- 
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garded as grouped mto shells and sub- 
shells. Each shell and subshell has a 
fixed capacity for eler:trons; that is, 
no more than a certain number of elec- 
trons can be accommodated. The chemical 
and physical properties are related to 
the relative "emptiness" or "fullness" 
of the shells. For example, the inert 
gases have completely full shells. Thus, 
full shells can be associated with sta- 
bility. 

In Bohr's periodic table pictured m 
Fig. 19.12, the inert gases form the 
turning points in the progression of thp 
elements. The elements just before the 
inert gases are si-ort one electron of 
having a f u il shell. These elements, 
short one electron, are the halogens. 
Thus, the halogens are found to be prone 
to react chemically with elements from 
which an electron can be captured, hence 
filling to capacity their shells. Like- 
wise,, the elements just after the inert 
gases, the alkali family, have one elec- 
tron in excess of a full .ihell. Thus, 
the alkali metals are prone to react chem- 
ically with elements to which an electron 
can be given, hence jeaving tliem with a 
filled shell. One could predict that tlie 
halogons and the alkali metals are ideally 
suited to react with each other. 

In this manner the periodic table and 
periodic law are explained.. Thus, the 
Bohr model was instrumental m reaching 
another of the goals we set up for any 
atomic model. 



Sec, 19.9 The failure of tf>e Bohr theory and the 

state of atomic theory in the early 1920'$ 

The Bohr model has been eminently 
successful. The goals established earlier 
have been reached. In review, the nuclear 
model of the atom was rendered stable by 
o.-^e major ad hoc postulate. The origin 
and mechanism of spectral lines was ex- 
plained by the theory. The periodic law 
was given a basis in atomic structure. 

In addition to these obvious successes, 
there was a more subtle one; namely, the 
Bohr theory left its indelible mark on 
physics. Bohr's emission and absorption 
of photons between stationary states re- 
mains predominant in the minds of spectros- 
vTopists. Bohr's model set the stage for 
further work. His quantization of angular 
momentum and energy was the beginning of a 
vital part of quantum mechanics. 

Yet, for all its successes, it did not 
survive. Many questions which the theory 
was unable even to begin to answer con- 
cerned the intensities of spectral lines 
and the effects of a magnetic field on an 
ator\ic spectrum. To quote a contemporary 
physicist: 
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The instant relief which Bohr's theory 
provided m sorting out the hopeless 
muddle of spectroscooic data, down to 
the Wavelengths ot the x rays, at first 
overshadowed all other considerations. 
Then, in the following years the 
strange emptiness of this ingenious and 
successful model began to impress it- 
self on the minds of the physicists. 

One of the principal reasons that the 
Bohr theory did not survive was that it 
represents a hybrid between classical and 
quantum ideas. It was not until new quan- 
tum ideas replaced classical ideas that 
these questions were answered. 

Sec. 20.] Some results of relativ ity theory 

The theory of relativity brought about 
a revolution in the thinkimi of scientist 
and nonscientist alike. Because of its 
revolutionary nature, it has been regarded 
as an abstract theory, extremely difficult 
to understand. This is not the case. The 
theory of relativity is not abstract (at 
least not the special theory) The dif- 
ficulty in understanding relativity occurs 
because some of our most basic concepts 
concerning space and time have to be 
re-examined and modified. 

In Units 1 and 2 we have seen the dif- 
ficulty' people have had in accepting new 
modes of explanation. The idea that an 
object m violent motion tends to remain 
in motion was completely fore\gn to the 
Aristotelian natural philosophtsr . An- 
other idea that was difficult to assimi- 
late was the eartn's daily rotation and 
annual revolutior about the sun as assumed 
in the Copernica i system. The concepts 
of inertia and ^xial rotation were only 
slowly accepter into the mainstream of 
man's thought. Likewise, some time will 
be required for the concept of relativity 
to become a natural part of man's thinking 
processes . 

In Newtonian physics, physical phenom- 
ena are described in terms of position 
coordinates and momenta. When the de- 
scription of a physical system is com- 
plete, it is sometimes desirable to expre.ss 
the state of the system in terms of a 
reference frame moving relative to the 
original reference frame. The results 
of transforming our description of events 
from one reference frame to another, and 
the form of physical law in arbitrary 
reference frames is the concern of rela- 
tivity theory . 

The measurement of the speed of light 
has been of interest to scientists since 
the time of Galileo. Galileo's attempts 
to measure the speed of light led him to 
believe that the propagation of light is 
instantaneous. As he wrote in his Two 
New Sciences ; 

Everyday experience shows that the 
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propagation of light is instantan- 
eous; for when we see a piece of 
artillery fired at a great dist<nco, 
the flash reaches our eyes without 
lapse of time? but the sound reaches 
the ear only after a noticeable 
interval . 

The first successful experiment to 
measure the speed of light was concluded 
in 1675 by a Danish astronomer, Olaf 
Romer. From a study of the periods of 
Jupiter's satellites, Romer concluded 
that the speed of light was finite and 
was in the neighborhood oi 200,000 
mi les/sec. 

A great synthesis occurred when Max- 
well showed that electromagnetic waves 
should propagate at the speed of light. 
This result suggested that light was 
electromagnetic in nature. However, Max- 
well's equations gave the speed of light 
as a constant. Questions soon arose about 
the frame of reference to which Maxwell's 
value referred. The Michelson-Morley 
experiment was an attempt to answer these 
questions by isolating some absolute 
frame of reference. However, the Michel- 
son-Morley experiment failed to do so. 

Much confusion followed the failure to 
establish an absolute frame of reference 
and the way was cleared for Einstein's 
ideas. Einstein's first postulate, that 
the speed of light is a constant for all 
observers, "solved" the problem. With 
this postulate, an absolute frame of 
reference was no longer necessary. 

The first and second postulate together 
form a basis from which many deductions 
can be made. Among these deductions are 
the equivalence of mass and energy and 
the velocity depende.^ce of mass, length 
and time. 

The theory o* relativity forced a re- 
examination of :>ome of the fundamental 
physical concepts. The '-v-entieth century 
has seen two such periods of reassessment. 
The second period of reexamination took 
place after the development ot* the quan- 
tum theory. These two periods of intro- 
spection have taught physicists to be more 
critical of the common-sense notions that 
tend to dominate their thinking. (One * 
might recall the common-sense appeal of 
the geocentric system.) Werner Heisenberg, 
one of the chief architects of quantum 
theory, has eriphasized this point. 
Speaking of relativity, he says: 

It was the first time that scientists 
learned how cautious they had to be 
in applying the concepts of daily 
life to the refined experience of 
modern experimental science. . .This 
warning later proved extremely use- 
ful in the development of modern 
physics, and it would certainly 
have been still more difficult to 



understand quantum theory had not 
the success of the theory of rela- 
tivity warned the physicists against 
the uncritical use of concepts 
taken from daily life or from 
classical physics . 

Sec. 20.2 P orticle-iike behavior of radiatio n 

In Chapter 18 we studied tho photooloc- 
tric effect in which the theoretical 
treatment assumed a parti cle nature of 
light. In the photoelectric effect, a 
photon loses al 1 of its energy in ejecting 
a bound electron. The initial energy of 
the photon appears as the binding energy 
(work function) plus the kinetic energy 
of the photoelectron . 

A second example where light must be 
treateJ as corpuscular is known as the 
Compton effect. In this example, the 
photon collides with an electron anJ is 
scattered. Unlike the previous example, 
the photon carries some energy away from 
the collision. This scattering experi- 
ment clearly distinguishes between the 
wave and particle models of light. 

When light (treated as a wave) is in- 
cident upon a charged particle, it would 
be scattered in all directions, as tho 
figure below shows. The incident wave 
sets the charge into oscillation; the 
oscillating charge in turn radiates 
electromagnetic radiant energy in all 
directions. However, as the figure 
shows, there is no change m wavelength. 
(There is a change in the amplitude 
since the energy of the incident wave is 
being spread in all directions.) 




Early scattering experiments showed, 
however, that the scattered radiation 
was less penetrating and seemed to have 
a longer wavelength than did the inci- 
dent radiation. This observation con- 
tradicts the prediction based on the 
wave theory of light. However, when 
light is considered as photons, i.e., 
particles, one can predict that the 
scattered radiation should have a longer 
wavelength than the initial radiation, 
as is observed. 

li « o low endow our light particle 
with all the properties of a particle, 
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namely, onerqy and momentum, ;se can de- 
rive tho "hdnqe m the wavelenqth cf a 
r^cattered photon. The result of this 
derivation is as follows: 

where is the change in wavelength, 
IS the wavelength of the incident 
photon, ^ IS the wavelength o: the scat- 
tered photon, and : is the ar.qle tnrough 
which the photon is scattered.' 

The derivation of this formula is 
very tedious algebraically; however, 
the argument m terms of physical con- 
cepts is very jimple and is based upor 
the conservation laws sf died in Unit 
Lot the frequency of the incident pho- * 
tons be f and the frequency of the 
scattered photons be f. Then if enerciy 
IS conserved, wo must have 



hf 



hf + 1/2 m^v , 



where m^ is the rest mass of the elec- 
tron. If momentum, ir. v (a vector quan- 
tity) IS also conserved, we have two 
equations representinq two components 
Thus, if momentum is conserved we may 
write: ^ 

hf 

x-component: — 2 = a± cos^. + m v cos- 
y-component: 0 = ^ sin^ - m v sin« 

where the angles are illustrated in the 
fiqure below. 

I 
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For a particular scattering angle i> 
we have three equations and three un- ' 
knowns: f, v and 0. We can solve these 
equations simultaneously for any of the 
unknowns. For comparison with exper^menl 
however, we are interested in the shift 
m the wavelength. Remembering that 
^0 = c/fo ^ ^ c/f, we can rewrite the 

three equations in terms of AX. The 
result is the same as that given above 
and in the text. 

With this eauation, we can solve for 
AA for any scattering angle >. when we 
insert the known value.<= f or h , m and c 
we ge t J o ' 



(0.0242) (1 - cos ^) A. 
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When : = 90°, cc3 : = 0 and • - 0.C242 
A. When visible liaht, with a wavolena- 
on the order of 5000 A, is us-rd . the pv.. 
cent change m the wavelength ot the scat- 
tered light ir> too small to detect. How- 
ever, when X rays, with . avclength of 
approximately 1 A, are used, tho per c nt 
change in the wavelength of Lho scattered 
X rays is ob. orvable. This change in the 
wavelength is known as the Compton effect. 

Sec. 20.3 Wove -I Ike bch ovior of matter 

Apparently everything m the physical 
world can be classified into one of two 
categories, matter and radiation, a 
Symmetry whicli impressed Louis de Broglie 
He was ulso impressed by the dual nature 
of radiation. These considerations led 
de Broglie to question the particle nature 
of matter, why, he asked, should no- the 
same dualism which cnara,-'* ori zes the basic 
quanta of radiation, also characterize the 
basic quanta f matter? That js. should 
particles also have wave characteris tics'^ 
He developed his ideas and presented them 
m the form of a doctoral dissertation. 

A.S we have st.ated then, de Broglie"s 
leeas sound highly specula*"ive . However 
de Broglie did mu. h more. First, he gave 
H definitive relation eq»jating the wave 
properties with tht; particle properties 
(page 108). Second, he was struck by the 
fact fhat the stability condition for 
atomic orbits, namely the quanti? .tion 
of angular momentum, introduced integers. 
With his postulate he was able to deduce 
the quantiun condition of Bohr which we 
studied in Chapter 19. Thus, the wave 
nature of matter gave a basis for under- 
standing the Bohr atom; that is, those 
orbits are allowed which represent an 
integral number of wavelengths. 

Of course the impressive result came 
when the de Broglie hypothesis was veri- 
fied experimentally. To demonstrate 
vave properties, one does a diffraction 
experiment which crucially depends on 
the wave nat»ire. Davisson and Germer 
showed that electrons coold be diffrac- 

id and thu.s demonstrated the wave 
naturo of electrons.. 

Sec. 20.4 Quantum mechonics 

The first step in underFtar.ding the 
internal structure of the atom wa^ pro- 
vided by the work of Rutherford and Bohi 
discussed an Chapter 19. It might be 
argued that this was Lne most decisive 
step. Yet, while Bohr's theorv was 
stimulating, it Irc^od the breadth to 
accorrunodate all the facts and could not 
be structured to answer the vital ques- 
tions. It became obvious that a new, 
more fundamental apprOc*ch was needed. 
Bohr himself was one o* the leaders in 
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the quest for a deeper understanding. 

We have seen that the first biq break- 
through came with the de Broglie nypothe- 
sis. On the basis of this hypothesis, 
Schrodinger developed a mathematical 
formalism which came to be known as wave 
mechanics. The mathematical representa- 
tion of waves has deep roots m classical 
physics. Water waves, «50i:nd weives and 
radio waves are significantly different. 
The first is a transverse mechanical v;ave , 
the second a longitudinal mechanical wave, 
and the third an electromagnetic wave 
However, in spite of their differences, 
the same type of mathematical equation 
will describe all three.: Schrodinger, 
viewing the electron as t. ave, wrote 
an equation which is verv similar in 
mathematical form to the equations that 
describe water waves, sound waves and 
light waves- His equation is written 
below. (This equation is not necessarily 
to be shown to the student: however, 
there may be some students whose curiosity 
has been aroused and would like to see 
this famous equation) : 



h2 



-( 
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(v) = Ev 



With the Schrodinger equation, proper- 
ties of the hydrogen atom can be compu- 
•:ed which include not only the results 
of Bohr, but many more besides. 

Ueisenberg developed an alternate 
approach to quantum mechanics. His ap- 
proach grew more directly from the 
e.Kperimental data of atomic spectra. 
The two approaches, Schrodinger * s and 
Heisenberg * s , were ultimately shown by 
Dirac to be equivalent. 

The various lines of investigation 
which converged to form the impetus for 
the quantum mechanical revolution are 
illustrated below. 
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Sec. 20.5 Quantum mechanics — the uncertainty 
principle 

One of the consequences of the wave- 
particle dualism is the uncertainty 
principle, first onunciatod m 1927 by 
Heisenberg. This principle sets a fun- 
damental limit on the ultimate precision 
with which we can simultaneously know- 
both the position of a particle and its 
momentum. 

In Newtonian mechanics, even as modi- 
fied by special relativity, the position 
and momentum relative to a given frame 
of refer^,nce can be both exactly and 
simultaneously defined.. Then, w*ith 
Newton's laws of motion, all future 
motions of the particle can be accurately 
determined. This formed the basis for a 
philosophy of mechanistic determinism. 
One of the most ardent disciples of this 
philos^^phy was Laplace, a French mathe.'^a- 
tician. He articulated the essence of 
this philosophy as follows: 



An intellect whi 
moment knew all 
animate nature a 
positions of the 
pose it, if this 
vast enough to s 
a alysis, could 
single formula t 
greatest bodies 
and that of the 
for such an inte 
be uncertain; an 
like the pas t wo 
before its eyes.- 



ch at any given 
the forces that 
nd the mutual 
beings that corn- 
intellect were 
ubmit its data to 
condense into a 
he movement of the 
of the universe 
lightest atom: 
llect nothing could 
d the future just 
uld be oresent 



This statement represents quite a contrast 
with current physical thought. 

The conclusion of current physical 
thought is that we are unable to knov 
the present exactly, hence we cannOL 
know the future exactly. For example, 
if wo c»ttempt to measure precisely the 
position of an electron, we lose all 
knowledge of its momentum. The very act 
of measurement changes the position or 
motion of the particle (as several ex- 
amples on page 119 of the text suggest) , 
with the result that its future positions 
cannot be precisely predicted. 

It is quite simple to see how the un- 
certainty principle arises from the de 
Broglie hypothesis, as developed on page 
118. This hypothesis relates the wave- 
length of a particle with its momentum. 
Therefore, if we know the momentum exactly, 
we also know the wavelength exactly. But 
any wave with an exact wavelength (such 
as a sine wave) is a continuous wave having 
infinite extent.. If, then, a particle is 
represented oy a wave having infinite 
extent, its position is completely unde- 
fined. We conclude, therefore, that pre- 
cise momentum (exact v/ave length) implies 
an undefined position. 
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A localized wave, in contrast to an 
infinite wave, can be built up from a 
superposition of sine waves. The figur-^ 
below shews such a localized wave. A 
particle, represented by such a wave 
packet, can be located within an uncer- 
tainty of -x. The synthesis of such a 



^ A 1 
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wave packet from two sine waves of wave- 
lengths and is shown below. The 




question now is, what is the wavelength 
(momentum) of the particle? The super- 
position of two waves of different wave- 
lengths is required to give the particle 
some localizability. Thus, m localizing 
the particle we have lost our precise 
knowledge of its momentum (wavelength) . 
And so it goes. We purchase knowledge 
of the one at the price of uncertainty of 
the other. Complete knowledge at the 
price of complete ignorance. 

Further discussion of the uncertaintv 
principle appears in the January 1953 
S cientific American in an article bv 
George Gamow, "'The Principle of 
Uncertainty. " 

Sec. 20.6 Quontum mechonics — probability 
interpretotion 

In Born's interpretation, the square 
of the amplitude of the de Broglj^'wave 
is related to the probability of rinding 
a particle. A particle is most likely to 
be observed in regions of large amplitude. 

How does one find these amplitudes? 
They are found by solving the Schrodinger 
equation.. As was pointed out in Section 
20.4, Schrodinger 's equation describes 
the motions of electrons. We now see 
that Schrodinger's equation gives us 
an amplitude, the square of which is a 
probability.^ Thus, we can compute where 
an electron is most likely to be. 

These considerations have forced 
physicists and chemists to change their 
conception of the atom. The Bohr model 
of the hydrogen atom pictured the e3ec- 
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tron traveling in prescribed "Dla.notary" 
orbits about the nucleus. such a view' 
IS inconsistent ^'ith the intrinsic nature 
of the electron, thsit is, its dual natuio. 
As the figures on pages 119 and 120 of 
the text indicate, the electron havmc 
an energy of -13.6 eV can be found any- 
where. One IS most likely, however, to 
find the -13.6 eV electron at a distance 
of 0.529 A from the nucleus, which cor- 
responds to the first 3ohr orbit. Thus, 
that which is most probable on the sub- 
nicroscopic level corresponds to that 
which IS observed on the* macroscopic 
level . 

This relation between the microscopic 
and the macroscopic is rerr.miscent of 
the kinetic theory of gases. in kinetic 
theor\-, the average value of dynamic 
variables on the molecular level is re- 
lated to observable parameters. Our 
ability to compute the values of these 
observables applies only to those 
s ems made up of large numbers of 
pai Licles . 

In a similar fashion, we are able to 
compute the values of observables in 
quantum theory because we are dealing 
with extremely large numbers of particles. 
With large numbers of particles that 
which is highly probable for one, over- 
whelmingly determines the macrcscooic 
bc.iavior of the system of particles. 
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Summary Sheet—Transparencies 

T35 Periodic Table 

The modern long form of the periodic 
table is presented with various overlays 
highlighting chemical families and other 
pertinent groupings. 

T36 Photoelectric Mechanism 

Schematic drawings of a photoelectric 
tube and circuit show the procedure for 
measuring stopping voltage. 

T37 Photoelectric Equation 
A sliding mask on a plot of maximum 
kinetic energy of photoelectrons versus 
frequency of photons permits the deriva- 
tion of Einstein's photoelectric equa- 
tion . 

T38 Aloha Scattering 

A two-part transparency showing a diagram- 
matic sketch of the Rutherford scattering 
experiment, and potential hill diagrams 
for the Thomson and Rutherford atomic 
mode Is . 

T39 Energy Levels — Bohr Theory 

A two-part transparency showing the Bohr 
orbits and energy levels for hydrogen, 
illustrates production of Lyman and 
Paschen series in general a. d Balmer Se- 
ries m detail. 



Film Loops 

L46 Production of Sodium by Electrolysis 
Davy's classical experiment in which mol- 
ten NaOH IS electrolyzed to form ir.etallic 
sodium,: 

L47 Thomson Model of the Atom 

Small magnets floating on the surface of 
water are aligned into various patterns 
by a radial magnetic field. The appara- 
tus, a model of a model, was described by 
Thomson. ^ 



L48 



Rutherford Scattering 

A computer-animated film, in which pro- 
jectiles are fired toward a nucl'^^us whi 
exerts an inverse -square repulsi 



ch 
force. 



16MM Films 

F35 Definite and Multiple Proportions 
Here is the evidence on which Dal ton 
based his conviction that matter came 



Aid Summaries 
Transparencies 
Film Loops 
16mm Films 

in natural units, atoms; the chemical 
laws of definite proportions demonstra- 
ted by electrolysis and recombination 
of water; and multiple proportions by 
the quantitive decomposition of N^O, NO 
and NO7 ^« . 

Aids . 



30 minutes. Modern Learnma 



F36 Elements, Compounds and Mixtures 
(color) 

A discussion of the difference between 
elements, compounds and mixtures, show- 
ing how a mixture can be separated by 
physical means. Demonstrates how a com- 
pound can be made and then taken apart 
by chemical methods, with identification 
of components by means of their physical 
properties such as melting point, boil- 
ing point, solubility, color, etc. 
3 3 minutes. Modern Learning Aids. 

F37 Counting Electrical Charges m 
Motion 

This film shows hew an electrolysis ex- 
periment enables us to count the number 
of elementary charges passing through an 
electric circuit in a given time and 
thus calibra*-- an ammeter. Demonstrates 
tne random nre of motion of elemen- 
tary charge. ith a current of only a 
few charges ^ • second. 22 minutes. 
Modern Learning Aids. 

F38 Millikan Experiment 

Simplified Millikan experiment described 
in the text is pbotographed through the 
microscope. Standard spheres are sub- 
stituted for oil drops; an analysis of 
the charge related to the velocity of the 
sphere across the field of view of micro- 
scope emphasizes the evidence that charge 
comes m natural units that are all alike- 
numerous changes of charge are shown, pro- 
duced by x rays, with the measurements 
clearly seen by the audience. 30 minutes. 
Modern Learning Aids. 

F39 Photoelectric Effect (color) 

Qualitative demonstrations of the photo- 
electric effect are shown using the sun 
and a carbon arc as sources., A quanti- 
tative experiment is performed measuring 
the kinetic energy of the photoelectrons 
emitted from a potassium surface. The 
data is interpreted in a careful analy- 
sis. 28 minutes. Modern Learning Aids. 



F40 

This film 
dence for 
the struc 
ment simi 
alpha-par 
shows tha 
charged n 



The Structure of Atoms 

provides the experimental evi- 
our basic concepts concerning 
ture of the atom. An experi- 
lar to Rutherford's historic 
tide scattering demonstrations 
t atoms have dense, positively 
uclei. Another fundamental 
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Aid Summaries 
16mm Film 



experiment shows the charge on the elec- 
tron and the ratio of charge to mass. 
12\ minutes — B&W — code 612010; 12^5 nin- 
utes — color — code 612022. McGraw-Kill. 

r41 Rutherford Atom 

A cloud chamber and gold foil m a simple 
alpha-particle scattering experiment to 
illustrate the historic Rutherford experi- 
ment which led to the nuclear model of 
the atom. Behavior of alpha particles 
clarified by use cf large-scale models 
illustrating the nuclear atom and Coulomb 
scattering. 40 minutes , Modern Learning 
Aids . 

F42 A New Reality 

Traces the discovery of the structure of 
tile atom and emphasizes the work of the 
Danish physicist, Niels Bohr. The story 
begins at the Institute for Theoretical 
Physics m Denmark, w^ere experts from 
all parts of the world study and experi- 
ment with the atom. Man has devised means 
of visualizing the sub-microscopic struc- 
ture of molecules and by advanced elec- 
tronic equipment has gained an understand- 
ing of the character of the atom.« We see 
how one element can be converted to an- 
other by atomic bombardment which changes 
the number of protons in the nucleus. 
Other demonstrations using light waves 
establish color measurement m terms of 
energy. Also illustrated are proofs that 
the electron components of the atom are 
both particles and wave energies. The 
modern concept of the atom is basically 
that determined by Niels Bohr, and its 
implications reach into the realms of 
biology, psychology and philosophy. Pro- 
duced by Statens Filmcentral and Laterna 
Films, Denmark, and OECD and Sponsored 
by the Carlsberg Foundation in Associa- 
tion with the International Council for 
Educational Films. 1965 release (3/2 IFB 
394 color) 51 minutes. International Film 
Bureau Inc. 

F43 Franck-Hertz Experiment 

A stream of electrons is accelerated 
through mercury vapor, and it is shown 
that the kinetic energy of the electrons 
is transferred to the mercury atoms only 
in discrete packets of energy. The as- 
sociation of the quantum of energy with 
a line m the spectrum of mercury is 
established. The experiment retraced in 
the film was one of the earliest indica- 
tions of the existence of internal energy 
states within the atom.< 30 minutes, Mod- 
ern Learning Aids. 

F44 Interference of Photons 

An experiment in which light exhibits 
both particle and wave characteristics. 
A very dim light source, a double slit 



and a photomultiplier are used m such 
a way that less than one piioton (on the 
average) is m the apparatus at any given 
time . Characteris tic interference pat- 
tern is painted out by many individual 
photons hitting at places consistent with 
the interference pattern. Implications 
of this are discussed. 13 minutes, Mod- 
ern Learning Aids. 

F45 Matter Waves 

The film presents a modern version of the 
original experiment which showed the wave 
behavior of the electron The student 
sees electron diffraction patterns on a 
fluorescent screen. The patterns are 
understandable m terms of wave behavior. 
Alan Holden presents an optical analogue 
showing almost identical patterns.. The 
electron diffraction experiments of G. P. 
Thomson are described by Holden, who also 
presents brief evidence for the wave be- 
havior of other particles such as neutrons 
and helium atoms. 28 minutes. Modern 
Learning Aids. 

F46 Light: Wave and Quantum Theories 

This film clearly and simply demonstrates 
the accepted theory of light as consist- 
ing of both a wave motion and of discrete 
bundles, or quanta of energy. Young's 
double-slit experiment is performed to 
show the wave character of light, while 
the photoelectric effect indicates that 
light consists of energy quanta.. The 
Compton effect and other major experi- 
ments associated with the present theory 
are shown in laboratory demonstrations 
and in animation. B&W and Color. 
I3J5 minutes. Coronet Films. 



Film Sources 

Modern Learning Aids 

1212 Avenue of the Americas 

New York, New York 100 36 

McGraw-Hill Book Company 
Text Film Department 
330 West 42nd Street 
New York , New York 

Coronet 

42 Midland Road 
Roslyn Heights 
New York 

International Film Bureau Inc. 
332 South Michigan Avenue 
Chicago , Illinois 60604 

A more complete film source reference is 
given in the Unit 2 Teacher Guide, pages 
73-77. 
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Aid Summaries 
Reader 



Reader Articles 

1. FAILURE AND SUCCESS 
Charles Percy Snow 
1958 

This author describes the frustra- 
tions and joy that can accomoany a 
scientific discovery. The book is 
based on Snow's early experiences 
as a physical chemist. 

2. STRUCTURE, SUBSTRUCTURE, SUPERSTRUC- 
TURE 

Cyril Stanley Smith 
1965 

The seemingly arbitrary forms of soap 
bubbles, crystals, bee hives, plant 
cells, and other aggregates of struc- 
tures are subject to laws of physics 
and hence follow predictable patterns. 

3. THE ISLAND OF RESEARCH 
Ernest Harburg 

1966 

4. THE "THOMSON" ATOM 
J . J . Thomson 
1966 

J. J. Thomson's atomic model was an 
early attempt to explain the emission 
spectrum of elements and the presence 
of the newly-discovered electrons in 
atoms. In this century more success- 
ful atomic theories were devised by 
Rutherford, Bohr and Schrodinger . 

5. EINSTEIN 
Leopold infeld 
1941 

A noted Polish theoretical physicist 
and co-worker of Albert Einstein takes 
us into the study of the great twenti- 
eth-century physicist. 

6. MR.: TOMPKINS AND SIMULTANEITY 
George Gamow 

1965 

Mr. Toirpkms takes a holiday trip m 
a physically possible science-fiction 
land. In solving a murder case there 
he learns the meaning of the concept 
of simultaneity m the theory of rela- 
tivitv . 

7. MATHEMATICS AND RELATIVITY 
Eric M. Rogers 

laeo 

Rogers, a noted physics teacher, intro- 
duces the fundamental concepts of the 
theory of relativity and illustrates 
the relation of mathematics to physics. 

8. RELATIVITY 
Anonymous 
1955 



9 . PARABLE OF THE SURVEYORS 

Edwin F. Taylor and John Archibald 

Wheeler 

1966 

Invariance is central to the theory 
of relativity as to all modern phys- 
ics. The story told here introduces 
many of the important fundamental con 
cepts of relativity theory., 

10. OUTSIDE AND INSIDE THE ELEVATOR 
Albert Einstein and Leopold Infeld 
196 1 

The father of the general theorv of 
relativity and his associate illus- 
trate one of the central ideas of the 
theory through the commonplace experi 
ence of riding m an elevator. (Note 
The initials C. S. mean "coordinate 
system" m this selection.) 

11. EINSTEIN AND SOME CIVILIZED DISCON- 
TENTS 

Martin Klein 
1965 

What lessons can be learned from the 
life and philosophy of a "high-school 
drop-out" named Albert Einstein? 
Martin Klein, a physicist and histo- 
rian of science, discusses the possi- 
bility of inadequacies m our present 
education policies. 

12 . THE TEACHER AND THE BOHR THEORY OF 
THE ATOM 

Charles Percy Snow 
1958 

We visit, in this brief passage, an 
elementary science class hearing for 
the first time about the Bohr theory 
of the atom. 

13. THE NEW LANDSCAPE OF SCIENCE 
Banesh Hoffmann 

1959 

Educated as we are in classical phys- 
ics, we may be unprepared to compre- 
hend the world of quantum mechanics. 
This book tries to introduce us to 
this new view of the world. 

14. THE EVOLUTION OF THE PHYSICIST'S 
PICTURE OF NATURE 

Paul A. M. Dirac 
1963 

/\n account of how physical theory has 
developed in the past and how it might 
be expected to develop in the future. 

15 DIRAC AND BORN 
Leopold Infeld 

Infeld reminisces what it was like to 
work at Cambridge University in Eng- 
land with two great, but very differ- 
ent, theoretical physicists. 
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Reader 

16. I AM THIS WHOLE WORLD: ERWIN 
SCHRODINGER 

Jeremy Bernstein 
1961 

Erwin Schrodinger was the inventor 
of the basic equations of modern 
atomic theory. This article con- 
siders a book m which Schrodinger 
discusses the repercussions of the 
quantum theory. 

17. THE FUNDAMENTAL IDEA OF WAVE MECHANICS 
Erwm Schrodinger 

1933 

A master of the physics of the atom 
explains how he arrived at the modern 
theory of the atom. This lecture is 
not easy, but it is worth working 
through . 

18. THE SENTINEL 
Arthur C. Clarke 
1953 

The moon explorers make an unexpected 
discovery, and reacr in an all-too- 
human way m this short story by a 
well-known writer ot science fiction. 

19. THE SEA-CAPTAIN'S BOX 
John L. Synge 

1951 

A distinguished mathematical physi- 
cist, the nephew of the great Irish 
playwright John Millington Synge, 
uses an amusing allegory to discuss 
the nature of scientific knowledge. 

20. SPACE TRAVEL: PROBLEMS OF PHYSICS 
AND ENGINEERING 

Harvard Project Physics Staff 
1960 

This article, based on lectures of 
Edward M. Purcell, distinguishes 
between sound proposals and unwork- 
able fantasies about space travel. 

21. LOOKING FOR A NEW LAW 
Richard P. Feynman 
1965 

A successful theoretical ihysicist 
discusses informally in this talk 
the process of discovering physical 
theories . 
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D53: Electrolysis of Water 

Set up the apparatus 
figure. The electrodes 
alongside the inverted 
connected either to a 6 
power supply. Any gas 
ther of the platinum~pl 
trode tips will be coll 
rises and displaces wat 
responding test tube, 
is very slow with pure 
essary to add about 5 t 
mal dilute sulfuric aci 
6 Normal can be prepare 
ume of concentrated sul 
5 volumes of water and 
glass stirring rod. 



as sriown xn the 
are clamped 
test tubes and 
-volt battery or 
that forms on el- 
ated spiral elec- 
.ected when it 
er from tne cor- 
Smce this reaction 
water, it is nec- 
o 15 cm^ of 6 Nor- 
U to the water, 
d by adding 1 vol- 
furic acid to 
stirring with a 




Always pour the acid into the water. 
After the acid is added and stirred, a 
full test tube of hydrogen can be collec- 
ted in abou;: 20 minutes. Test both gases 
to demonstrate that hydrogen and oxygen 
have been produced, then fill each test 
tube with water from a graduated cylinder 
and thus measure the volume of gas pro- 
duced. Calculate the ratio. 

The two gases can als 
in one test tube and ign 
be a violent reaction, f 
be concluded that the ga 
bine. It is not possibl 
that water was formed as 
reaction since the test 
ignition. The platinum 
connecting wires are ava 
MacalaGter Scientific an 
tion (about $4,00) , 



o be collected 
ited. There will 
rom which it can 
ses readily com- 
e to conclude 

a result of this 
tube is wet before 
electrodes with 
ilable from 
d Damon Corpora- 
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D53 

D54 

D54: Charge-to-Mass Ratio for 
Cathode Rays 

A simple demonstration of the deflec- 
tion of the beam of a cathode-ray tube in 
a magnetic field can bring together parts 
of Units 4 and 5, and can give quite a 
good value for the ratio q /m. In Unit 4 
(Experiment 37 — The ElectrSn-Beam Tube) 
students saw, qualitatively, the deflec- 
tion of the cathode rays in the rragnetic 
field of a pair of penxtanent magnets. 
In Experiment 36 — Currents, Magnets and 
Forces, they learned how to measure mag- 
netic fields, and one group of students 
used the current balance to measure the 
vertical component of the earth's magnetic 
field. This field will be used to deflect 
an electron beam, and its measured value 
used to calculate q /m. This ratio in 
Itself is probably Hot of great interest 
to students, but together with q found 

e 

m the Millikan-type experiment (Experiment 
40 — The Measurement of Elementary Charge) 
it enables us to estimate m, the mass of 
the electron. 

Equipment 

cathode-ray tube (such as the 2 inch 
902A — about $15.00) 

power supply for CRT (for 902A — 6.3 V, 
1 A for heater, about 200 V dc for 
anode) 

(permanent magnet) 
(sticky centimeter tape) 



+200 V 



, 5 




Fig. 1 Schematic for CRT 902A 
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Procedure 

Con .Oct the CPT to power supply. (The 
simplest wiring diagram for the 902A 
shown in Fig. 1. Use of fixed resistors 
will give an adequately, but not perfectly, 
focussed beam. To improve focus and con- 
trol brightness, replace resistor Pp by a 
potentiometer (about 1 Meg) and a resistor 
(about 0.5 Meg) m series and adjust the 
potentiometer for best focus. A more 
complete schematic, suggested by the man- 
ufacturers, IS given at the end of this 
note (Fig . 5) .: 




Fig. 2 Bottom view of tube socket 
(medium shell octal 8-pin) with 
resistors. Ground pin no. 2, 
connect 6.3 volts between pins 2 
and 7, +200 volts to oin 1. 



It is important to keep the anode volt- 
age as low as possible. With the 902A a 
spot is obtained with only 200 volts, but 
other tubes may require ipore. In a typi- 
cal cathode-ray oscilloscope the acceler- 
ating (anode) potential is more than 1000 
volts: this produces a beam of faster 
electrons that are correspondingly less 
deflected in the external magnetic field, 
whereas a beam of 200 volt electrons is 
appreciably deflected in the earth's field. 

First demonstrate that the beam is 
affected by an applied magnetic field: 
bring a small permanent magnet near the 
tube and show the deflection of the spot. 

hown by 

of a few 
ttery) be- 
lates . 
nd one of 
rnally to 

connected 
With the 
these ter- 
volts 



Electric deflection can be s 
applying a potential difference 
volts (e.g., from a six-volt ba 
1 een the pairs of deflection p 
Note that one of the x-plates a 
the y-plates are connected inte 
anode 2. Terminals 4 and 6 are 
to the other x- and y-plates. 
wiring suggested here (Fig. 1) 
minals will be "hot" — about 200 
above ground. 



The significance of th 
tative part of the demons 
cussed on pp. 40-41 of Un 
that the cathode ray is d 
magnetic (and electric) f 
that it consists of charg 
That the beam remains nar 
defined suggests that all 
are identical — if they we 



is first quali- 
tration is dis- 
it 5. The fact 
eflected by 
ields sugges ts 
ed particles . 
row and well- 

the particles 
re not we would 



expect some to be deflected more than 
others, which would cause the beam to 
spread out. j. J. Thomson went further 
than this and showed that the deflection 
was independent of the cathode material 
and of the residual gas in the tube. 



Beap vertxca 1 . 
electron bedn 



is parallel to bean 
no deflection 



electron bear' 



(1) 



D. Beam horizontals in 



B^ IS perpendicular to bear 
bean if deflected to the bast 



jirect iOn 



» electron bean 

' \ 

Bj^ IS parallel tc beam, 
no ceflection 
(1) 



Beam horizontal, in S 



electron bo 



B^, IS perpendicular to bean 
bean is deflected to the Last 
(2) 



N direction 
electron bean 



electron beam - 



Bj^ IS parallel to bean* 
no deflection 



B^ IS perpendicular to bean* 
liedH IS toflected to the V^est 

(2) 



Fig. 3 

To get the effect of the vertical compo- 
nent of the field measure th total dis- 
placement of the spot (how much it shifts 
when the tube is moved from the N-S to 
the S-N orientation) and divide by two. 
A question for students: in what direc- 
tion must the beam be oriented to be 
undeflected by the earth's field? 

To make any quantitative interpreta- 
tions of the deflection we must be able 
to measure the magnetic field. The field 
due to a permanent magnet is unsatisfac- 
tory for this purpose because it is non- 
uniform. Fortunately the (vertical 
component of the) earth's magnetic field 
is strong enough to deflect the beam 
appreciably; it is certainly uniform over 
the length of the tube;, and it can be 
measured with the Project Physics current 
balance (Experiment 36, group C) . 

Set up the tube horizontally along a 
N-S line. Mark the position of the spot 
on the screen. Turn the tube through 
180**, so that the electron beam is still 
horizontal, but is in the opposite direc- 
tion (S-N) . Mark the spot again and 
measure the horizontal displacement from 
its first position.* (A strip of sticky 
centimeter tape stuck on the tube face 
is useful.) Ignore any vertical dis- 
placement, which at most should be small. 
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Use a voltmeter to record the anode 
potenti al . 

Theory 

Electrons are emitted from the hot 
cathode, are accelerated by a positive 
potential on the anode. After passing 
through a hole in the anode they move 
with constant velocity till they strike 
the luminescent screen. 

The kinetic energy gained by an elec- 
tron due to acceleration through a poten- 
tial difference of V volts is 

H mv2 = vq^ (1) 

where is the charge of an electron. 

After the electrons have passed through 
the anode hole they can be deflected by 
electric and magnetic fields. The magni- 
tude of the force (F) on an electron mov- 
ing with velocity (v) in a magnetic field 
(3) IS 

F = Bq V. 

^e 

The force is perpendicular to the 
directions of both v and B.^ In this case 
V is horizontal, r>nd B vertical: F will 
be horizontal. 

A particle is moving with constant 
velocity v and is acted on by a force 
perpendicular to that velocity: the 
particle will move in a circle (see 
Unit 1) . 

The centripetal force needed to keep 
a particle of mass m moving in a circle 
of radius R is mv^/R. But we already 
}'now that 



To find the radius of curvature of the 
electron beam, R, apply Pythagoras* 
theorem to triangle OPQ (Fig. 3) : 

(R - X) 2 + £2 = R? 



r2 - 2Rx + x2 



if 
and 



2rx = X' + 



X < z , x"^ << 



2Rx - 

2x 



(Compare the geometry of the pendulum — 
Student Handbook, Unit 3, p. 10-8.) 

The distance I for the 902A tube is 
10 cm. 




Fig. 4 £ is length of tube from 
anode to screen; x is horizontal 
displacement of spot on the screen; 
R is the radius of curvature of 
the circle into which the electron 
beam is bent . 



F - Bq V 
^e 

mv2 

— = Bq^V 



V 

BR 



substituting for v from (1) above, 
" m^ BR 



♦Notice that the deflection is not sym- 
metrical about the <^pot ' s position when 
the tube is vertical. This is because 
with the tube vertical the beam is de- 
flected (to the east) by the horizontal 
component of the earth's field B. 
[see Pig. 3A(2) ) . ^ 



Fig. 5 



CI: 0.1 "if 



02: 1.0 uf 

C3 C4 C5 C6; 0.05-wf Blocking capacitors* 
Rl R2: 1 Megohm 
R3: 1,3 Megohms 

*When cathode is grounded, capacitors 
should have high voltage rating; when 
anode No. 2 is grounded, they may have 
low voltage rating. For dc amplifier 
service, deflecting electrodes should 
be connected direct to amplifier out- 
put. In this service, it is prefer- 
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able usually to remove deflecting- 



R4:' 1-Megohm Potentiometer 
R5: 0.3 Megohm 
R6:- 0.5-Megohm Potentiotnerer 
RV R8: 2-Megohm Potemtiotneters 
R9 RIO: 2 Megohms 

electrode circuit resistors to mini- 
mize loading effect on the ar >lifier. 
In order o .minimize spot dc v-ising, 
it is essential that anode No. 2 be 
returned to a point in the amplifier 
system which will give the lowest 
possiMe potential difference between 
anode No. 2 an^ deflecting electrodes. 

D55: Photoelectric Effect 

A simple electroscope demonstration 
introduces the photoelectric effect 
vividly in a qualitative way and dis- 
plays features not shown at all ir. the 
student experiment. 

The necessary equipment (Fig. 1) 
consists of: 

1. a simple electroscope whose 
electrode can be surmounted or 
replaced by 10 cm x 10 cm pieces 
of zinc and copper and possibly 
lead and iron 

2. a source of ultraviolet light 
such as a small mercury vapor ster- 
ilizing lamp to illuminate the metal 
plates 

3. a sheet of ordinary glass to 
hold between the lamp and the 
metal plates 

4. plastic strips or other materials 
for giving the electroscope positive 
and negative charges 

5. a piece of sandpaper or rfteel 
wool for cleaning the metal plates. 




Procedure 

The metal plates should each be 



scrubbed hard with sandpaper or steel 
wool to remove any traces of oxide. 
Even a few hours after cleaning it must 
be done again, and th*^ plate then wiped 
with a clean cloth to ramove any traces 
of sand or steel wool whose sharp points 
allow rapid leakage of charge. 

Mount the zinc plate on the electro- 
scope as shown m Fig. 1, and give it a 
negative charge. (Charging by induction 
often gives it a much larger charge than 
charging by contact. 12 the day is hu- 
mid, it may be necessary to dry the 
charging materials, e.g., over a bright 
lamp bulb or a radiator.) 

Watch the charged electroscope for a 
few moments to make sure its charge is 
not leaking at a visible rate. Then 
illuminate the plate with liglit from the 
mercury lamp. 

The electroscope should discharge 
rather rapidly. A large class can see 
this best if the electroscope shadow is 
projected on the chalkboard by a bright 
light several feet away. 

To show that the photoelectric effect 
is related to chemical activity and 
therefore to the ease with which a metal 
loses electrons, replace the zinc by 
metals of lower chemical activity such 
as copper, iron, and lead, cut to the 
same size. 

To show that the effect is not caused 
by visible light: 

(a) replace the ultraviolet lamp by 
an ordinary incandescent lamp. How- 
ever bright, it will not drive elec- 
i-rons from these metals, though, of 
course, it will do so from more active 
elements such as cesium and lithium, 
used to coat the emitters of photo- 
electric cells; and 

(b) shield the metal plate from the 
ultraviolet radiation with the glass 
plate. Ultraviolet does not penerate 
glass. The electroscope's discharge 
immediately stops. 

None of these qualitative effects is 
shown in the student laboratory experi- 
ment, whose purpose is to show how the 
energy of the emitted electrons depends 
on the frequency of the light and so to 
demonstrate the inadequacy of the wave 
theory of light for photoelectric phe- 
nomena. 

It is worth noting that the photo- 
electric effect was discovered originally 
by Heinrich Hertz in 1887 in the course 
of research that gave massive support to 
Maxwell's wave model of light. He found 
that ultraviolet light shining on the 
terminals of a spark gap facixitated the 
formation of sparks. 
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D56: Blackbody Radiation 

As the brightness of an ordinary 150- 
or 200-watt incandescent lamp is varied, 
its color changes markedly. Students 
can see this easily through their pocket 
spectroscopes as the brightness of an 
incandescent lamp is varied by means of 
a variable transformer. Do this in a 
partially darkened room. Warn them to 
ignore the immense change in brightness 
and to concentrate on the changing dis- 
tribution of color. 

First only red is visible, faintly. 
Then orange, yellow, etc. are added 
unt3 1 the bright light is almost (but 
not quite) white. 

Thio demonstration leads easily to a 
description (not a derivation) of the 
radiation curves (Fig. 1, in which the 
intensity is plotted against wavelength 
for each temperature) and Planck's deri- 
vation of their formula in 1900. Note 
the use of these curves for finding the 
surface temperatures of the source of 
any continuous spectrum — molten steel 
or a distsmt star. 



ICO 



4<wo*K 
eotfK 



o I S 3 ^ 

Stefan's law, E = kT\ and Wien*s law, 
^max ^^'^ could, perhaps, be brought out 
at tais point too. (E is the total 
energy radiated by a black-body; T = ab- 
solute temperature; X i^- wavelength 

of most intense emission, and c and k 
are constants.) There are not many 
fourth-power laws in physics. 

The important point to raise here is 
that Planck*s successful explanation of 
the continuous spectrum energy distri- 
bution curve required for the first time 
the assumption that radiant energy was 
emitted in chunks, or "quanta" of energy 
hf. This was the origin of the quantum 
theory . 

It is worth noting, too, that the next 
significant use of the quantum idea was 
by Albert Einstein twelve years later to 
explain the emission of photoelectrons . 
His photoelectric equation is described 
in Experiment 42*, which the students 
have probably already performed. 
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D57: Absorption 



This demonstration shows the absorption 
of light by excited molecules. It should 
be done in a dark room. 

Set up two bunsen burners and a white 
screen as shown in the figure. The dis- 
tances are approximate only. 




The flame that is further from the screen 
should be turned up higher, when the two 
flames are burning steadily, with luminous 
flames (air supply shut off) the further 
one will cast a shadow of the nearer burner 
on the screen. 

Now open the air holes of both burners 
and introduce some sodium into each flame. 
Look carefully at the screen and you will 
see that the flame of nearer burner also 
casts a shadow. Some of the light emitted 
by excited Na atoms in the further flame 
is absorbed by Na atoms in the nearer 
flame. Adjust the brightness and dis- 
tances to get maximum effect. Try not to 
set up air currents that will disturb the 
flames and make the shadows flicker 
excessively . 

To bring home the point that it is the 
same monochromatic light emitted in one 
flame and absorbed in the other that 
causes the shadow, remove the sodium from 
the further flame and cut off the air to 
make it luminous again. The nearer flame 
casts no shadow now because nearly al.l 
the light emitted by the farther flam^ 
passes through it without being absorbed. 
But the flame is still bright enough to 
cast a si.adow of the burner tube . If you 
remove the sodium from the nearer flame 
the effect will be the same: no absorption 
and therefore no shadow. 
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D58: Ionization Potential 



The existen 
potential for 
existence of s 
by Bohr and ma 
SchrOdmger,, 
argon can be d 
using a thyrat 

Connect the 
Notice that si 
are connected 
tially a diode 



ce of a discrete lonizatioK 
each element confirms the 
tationary states, postulated 
thematically derived by 
The ionization potential of 
emonstratcd rather simply 
ron 884 tube. 

tube as shown m Fig. 1. 
nee the grid and the plate 
together the tube is essen- 



mv; 
2 



i 3v/ 




Pig. 1 



A power supply with a low internal 
resistance, capable of delivering a high 
current, should be used. The variable 
resistance is an ordinary 5000-ohm poten- 
tiometer. 

If the 5000-ohm potentiometer is not 
available, the voltage can be varied in- 
stead by running the power supply from 
a variable transformer. Of course the 
filament of the 884 in this case requires 
an independent 6.3-volt supply. 

To operate the circuit, vary the volt- 
age between the cathode and the grid-plate 
while monitoring the current with the 
ammeter. When the tube is operating 
properly, the grid is positive with 
respect to the cathode and electrons 
thermally emitted from the cathode are 
accelerated toward the grid. Along the 
way the electrons may strike argon atoms 
with which the tube is filled at low 
pressure. At low voltages the collisions 
are elastic, and the argon atoms are not 
altered. At any potential V the electrons 
have a kinetic energy 



which they may transfer to the argon 
atoms by collision. 

As the grid-plate is made increasingly 
positive the electrons finally acquire 
enough energy to ionize arqon atoms with 
which they collide. The cathode-grid 
potential difference at which this occurs 
IS called the i onization potential , V . 
Thus V^q^ IS the minimum energy sufficient 

to ionize the argon atom3 , i.e., to remove 
an electron. 

Experimentally you recognize this volt- 
age by the rapid increase in the ammeter 
reading and by the sudden glow of liglit 
that appears in the center of the tube 
at the same moment. 

The sudden onset of light in the arqon 
and the sharp increase in anode current 
occur simultaneously as the critical po- 
tential V. is exceeded. This is strong 
evidence that the argon gas is m an en- 
tirely different condition. That this is 
a condition of ionization seems fairly 
clear. It is also reasonable to assume 
that IS nearly equal to the ionization 

potential of the argon.: 

The ionization potential for argon as 
15.7 volts. At this point the kinetic 
energy of the ionizing electrons is 



mv^ 



Viq, = 15.7 



= 2.51 



1.60 

10-^^ 



10" 



joules 



The implication of ^his demonstration 
is that electrons are bound to argon 
atoms by a definite binding energy which 
is being measured by the energy V^q^ 
needed to remove them altogether from 
the argon atoms. 

Since the Rutherford atom model has 
already been discussed, it is worth 
pointing out that the glow is caused by 
the emission of quanta as argon atoms 
recapture their lost electrons. 

Students may wish to plot grid voltage 
(reading of voltmeter) against plate cur- 
rent (reading of ammeter) in order to see 
on a graph the abrupt increase of current. 

There is a small current even at volt- 
ages far below the ionization potential, 
since, of course, electrons will make 
their way across the tube to the grid- 
plate so long as it is positive. 

There is a similarity between this 
demonstration and the Franck-Hertz exper- 
iment. In that experiment the various 
excitation energies of mercury vapor were 
measured instead of the ionization poten- 
tial of argon. it may be worth referring 
to the more detailed description of the 
experiment in Unit 5, Sec. 
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L46: Production of Sodium by 
Electrolysis 

Solid-state rectifiers are used in a 
bridge circuit (Fig. 1). The dc potential 
difference between electrode and crucible 
was about 15 volts- the current was 18 
amperes. I- the film the rectifier cir- 
cuit IS seen mounted on a copper heat- 
dissipating plate. 



/I 



F^g* 1 



One might expect water vapor in the 
atmosphere to react with the film of 
sodium on the surface of the melt. Evi- 
dently there is sufficient updraft of 
heated air near the surface to prevent 
this from happening. 



L47: Thomson Model of the Atom 

The horizontal component of the field 
of the electromagnet gave rise to an in- 
ward force on the upper poles of the 
floating magnets; the outward force on 
the lower poles was weaker since they 
were further from the electromagnet. Thus 
the electromagnet exerted a net inward 
force on the ping-pong balls. The model 
was not exact, since the net force on the 
magnets was only approximately proportion- 
al to the distance away from the center 
of the pattern. 



-le IS aimed hoad-on at t 
?lows down, stops, and th 
again. In general,, for a 
alpha particle gains pote 
coming close to the nucle 
kinetic energy must decre 

The student may feel t 
of the particle conflicts 
of areas, since in the ca 
motion the planet speeds 
closest to the sun. (But 
potential energy r.s it "f 
sun!) Have the student d 
as Fig. I. (It need not 
hyperbola.) The long tri 
altitude h. Now the law 
used to find the distance 
less than AB because the 
greater than h. Thus the 
does not conflict with th 
of the alpha particle as 
the nucleus. 
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With the law 
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Fig. 1 

You might wish to reconsid'jr Experiment 
2y with the central force nov/ being repul- 
sive. Students might develop various 
paths for different initial motions of 
the intruding particle. 



L48: Rutherford Scattering 

The law of areas holds becaus. the 
nuclear repulsion is a central force. 
This conclusion is true whether or not 
the force is a Coulomb inverse-square 
force. (See the notes for Loop 15, 
Central Forces, and text Section 8.4.) 

A student may observe that the alpha 
particle slows down as it approaches the 
nucleus (the displayed points are closer 
together). This is easily interpreted; 
consider the extreme case when the parti- 



69 



E39: The Charge to-Mass Ratio for 
an Electron 

The experiment described here will give 
on3y an order of magnitude result for q /m 
(see sample data at end of this note) , ^ 
but students can jet a lot sati^sf action 
out of usxng their ovn home-made beam 
tubes . 

For this experiment it is essential to 
have an electron beam tube that will give 
3 fairly v/ell defined and clearly visibl'e 
beam. Procedures are not described in 
great detail. The experiment is recom- 
mended only for more enterprising and 
resourceful students. 

For other methods see: 

Lecture-Experiment ^'Charge- to-Mass 
Ratio for Cathode Rays" on pages 63-66 of 
this Teacher Guide. 

The experiment "The Mass of the Elec- 
tron" in Laboratory Guide to Physics , 
Second Edition, Physical Sciences Study 
Commi ttee . 

R- M. Sutton, Demonstration Experiments 



) 



Laboratory Experi • 



i n Physics (McGraw-Hill) 

J. Ba>-ton Hoag, Electron and Nuc lear 
Physics (van NostrandK 

The Taylor Manual of 
ments in Physics (Addis 
Mass.), which~describes 

Any wire between #18 
could be used. About 4 
for each pair of coils 

After students have 
formed the Millikan exp 
calculate m (the mass o 
combining the results f 



on-Wesley, Reading, 
SIX methods. 

gauge and #2 8 
0 feet are needed 



discussed and per- 
leriment they can 
f an electron) by 
or q /m and q . 



Sample Results 



Accelerating voltage: 150V. 

With deflecting plate also 150V above 
filament potential, beam goes straight 
up the tube . 

With deflecting plate connected to 
ground, a current of 0.9 4 amps in the 
coils is needed to straighten out beam. 

With magnetic deflection above, beam 
hits plate 2.5 cm from hole in a node 
(distance d in Fig. 5). 

Distance between anode plate and de- 
flecting plate = 1.5 cm (2x in Fig. 5). 



R = 



2x 

= 4.5 > lO'^m. 



6.25 + 0.5 



4.5 cm 



Field E = . 150 

2x 1.5 X 10-2 



= 10** V/m. 



F;cpenments 

LJS 

E40* 



From calibration curve for coils, 
B(I = 0.94 amps) = 5.2 ^ lO"** tesla. 



10^ 



B'R (5.2 - iO--)- . 10- 
= .82 ^ 10-- coul/kq 
= 0.2 - 10^ ^ coul/kg. 



E40*: The Measurement of Elementary 
Chargo 

Ch 
in hi 
atojni 
combi 
as a 
ly ch 
day * s 
evidt 
ity a 
work 
scrip 

mine 
tron. 



apters 17 and 18 of the ^ext follow 
storical sequence the development of 
c theory from the l^^s of chemical 
nation to Thomson's model of the atom 
positive blob embedded with negative- 
larged electrons. In Chapter 17 Fara- 
work on electrolysis is presented as 
nee for a connection bet^»'een electric- 
ind matter. In Chapter 18 the early 
on cathode rays is followed by a 'e- 
tion of Thomson's determination o^" 
and Millikan 's experiment to deter- 

the value of the charge on the elec- 



However, we suggest tha in the lab the 
Millikan experiment be done ' y^ pre the ex- 
periment on electrolysis. Students can 
then use the value of q to determine the 
mass and approximate siSe of an individual 
metal atom deposited in electrolysis. 

Ql Field E = ^ volts/meter 

02 Electric force F = qE newtons 

Q3 Gravitation force F = ma ntwtons 

a 

This experiment is a modification of 
Millikan's experiment. Its purpose is to 
measure very small charges and to co-;:sider 
answers to the questions: "Is the'''^ a lim- 
it to how small an electric charge can 
be?" and if so, "Does electric charge come 
in multiples of some basic *atom* of elec- 
tricity?" 

One should ask students how the attii- 
bute of "smallest" can be demonstrated. 
Perhaps the answer to this question cnn 
be ''eft for the experiment to clarify 
Or perhaps it will help to illustrate ^e 
question by means of the following anal- 
ogy: you have a collection of card'joard 
egg cartons. Each of these es^critJ ally 
weightless containers has concealed in it 
anywhere between none a:id a dozen eggs. 
HOW do you now find that an "egg" is not 
endlessly divisible, but comes in multi- 
ples of a "smallest possible" chunk? And 
how do you find the size (here the weight ) 
of such a chunk? The rather obvious an- 
swers to these questions, achieved with 
th(^ help of a balance/ are analogous^to 
the answers to our questions about elec- 
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trie charge achieved with the help of the 
instrument described below. 

Students may ask, "How do they ever 
manage to make batches of latex particles 
in which all particles have the same size?" 

It seems that "seed" particles are 
added to a mixture of monomer (i.e , sty- 
rene, if the polymer being made is poly- 
styrene) and catalyst. The seed particles 
act as nuclei for growth of larger parti- 
cles of polymer.- Now, it turns out that 
the rate at which a particle grows depends 
on its size, and the smaller the particle 
the faster it grows. The lesult of this 
is that there is a "sharpening" of the 
size distribution. The "seeds" need not 
be all the same size, as long as they are 
small. Of course, there should be no new 
nucleation once the process has started. 
Soap is added to prevent the formation of 
new particles, and to prevent coa9alation 
of particles already forr^ed. 

References: 

Bradford, et al. , J. Colloid Science, 11, 
135 (1956) . 

Vanderhoff, et al . , J. Polymer Science, 20, 
225 (1956). 

The student instructions assume that 
the apparatus has been set up and put in 
working order. For details of how to assem- 
ble and adjust the apparatus, refer to the 
note packed with the equipment and re- 
printed at the end of these notes. 

If the instrument has not been used for 
some time, it is a good idea to shake the 
plastic bottle to make sure the suspension 
is well mixed. If it has lost water by 
evaporation, add a little distilled water. 



If students have difficulty seeing the 
particles let them introduce a little smoke 
into the chamber. (Ycu don't have to en- 
courage cigarette smoking: draw some smoke 
from a ^ust-extmguished match into medi- 
cine dropper, and expel it into the cham- 
ber.) When most of the smoke has settled 
students should have no difficulty m see- 
ing the tiny smoke particles , and can ad- 
just the light source and microscope for 
maximum visibility.. Then go back to latex 
spheres. If still none are visible the 
atomizer may be at fault rather thar. the 
optics . 

Q4 Some appear to move up, others down in 
the electric field. 

Q5 Some particles are positively cha^^ged, 
others negatively . 

Q6 These are the more highly charged par- 
ticles . 

Q7 Rapidly moving particles have higher 
charge . 

Also, the evidence that charge is quan- 
tized is less convincing if one works 
with highly charged particles. 

The "balancing voltaoes" for parti- 
cles carrying six and seven units of 
charge are 39 and 34 volts respectively. 
The difference is probably not signifi- 
cant experimentally., On the other hand 
the balancing voltages for singly, doubly 
and triply charged particles are 234, 117 
and 78 volts respectively, and the differ- 
ence is much clearer. 

You can make it impossible for students 
to work at uselessly low voltages by add- 
ing a fixed resistor between potentiometer 
and the black input terminal. 



volts 

® 




(§> 



lo 



If R is 250K the minimum voltage will 
be about 25 volts . 

One group of students may not accumu- 
late enough data to give clear evidence 
of the quantization of charge.- If data 
from the whole class are pooled the quan- 
tization should be more obvious. But be- 
fore pooling data try *-o make sure that 
there are no systemat errors m the re- 
sults of any group. Ti;^ data might be 
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grapned by each lab group before pooling 
their results.' This makes it easier to 
identify any systematic errors between 
different groups. It might be well, for 
example, to check the voltmeters against 
one another. 



Some Typical Data 

The results give 
with spheres having 
microns. These are 
able. The balancin 
smaller spheres (1. 
now supplied will o 
The values of V v;il 
1 1 3 

ratio (— ■) = 0.61 
i will be increased 

= 1.64. 



n here wore obtained 
a diameter of 1.305 
not currently avail- 
g voltages for the 
099 micron diameter) 
f course be smaller. 
1 be reduced in the 

and the values of 

by the factor 



0.61 



Balancing Voltages 



1 
V 



10 



11 volts 

80 
115 
120 

85 

35 
112 
175 
175 

60 

68 
170 
360 
175 

65 
170 
170 
120 

Values of i Arranged 
1 

i X 10 



1 volt 

25 

87 

83 

18 

86 

89 

57 

57 



1.67 
1.47 



59 
28 
57 
54 
59 
59 
83 



in Increasing Order 
Position in list 



- 1 



0 


.28 volt 


1 


0 


.57 


2 


0 


.57 


3 


0 


.57 


4 


0 


.59 


5 


0 


.59 


6 


0 


.59 


7 


0 


.83 


8 


0 


.83 


9 


0 


.87 


10 


0 


.89 


11 


1 


.18 


12 


1 


25 


13 


1 


47 


14 


1, 


54 


15 


1, 


67 


16 


2, 


86 


17 


9 


1 


18 



Diameter of spheres = 1.305 micron 



Graph of values of ^ y 10~" plotted 

against the number defining the position 
of each value on the list: 
20 



/0 

n 
to 
9 
6 
4 
2 
O 



X- X X X 



X X X X 



— 

O 30 



} 

0 3S 



0Z8 



/ 2 3 4 5 ♦ 7 8 5 ^ if !l O /4 JS J7 iS 

postrw IN usr or i/ALue^ or^ 
Remember that charge q is directly pro- 
portional to 1/V. The graph could be 
drawn to show values of q directly in- 
stead of 1/V, but this requires more cal- 
culations before plotting. Whichever way 
it is done, the graph of pooled results 
should show vividly that the charge on 
each particle is a whole number of "small- 
est observed" units.. If we measure from 
the graph the size of this "smallest ob- 
served" unit, we find m our example 

-1 



g 

d 



ma d 

g 



1.18 ^ 
5 X 10 
5.9 ^ 10 



10 

3 



nt 



m 

.17 



joules 



5.9 



1.6 



10 



_ 1 7 



0.28 



10 



so 



-19 

10 coulombs. 



This value of q = q^ is considered to be 

the elementary unit of charge. The elemen- 
tary particle carrying it is then called 
the electron. 

Notice that even if we did not have the 
lowest reading of 1/V we could still have 
found a value for q by calculating the 
charge that corresponds to the difference 
in 1/V values between successive steps on 
the graph. In this 3xamp3^ we would prob- 
ably have taken 0,29 ^ 10~ volt" as the 
constant value of the step. This would 

- 1 

give a value of q = 1.7 x 10 coulombs 
for the quantum of charge. 

For particles having diameter 1.099 
microns the corresponding values are 



ma d 

g 



7.3 



ma d = 3.6 

g 



10 nt, 
.17 



10 joules, 
and the difference in 1/V values between 

iV€ 

lO" volt 



successive steps in the graph should be 
0.63 " 
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Discussion 

Notice that the idea that 1.6 x lo 
coulombs IS the smallest possible charge 
rests only on the fact that despite an 
enormous number of measurements like the 
foregoing, no smaller charge has been ob - 
served . There is no other basis for the 
idea that this must be the smallest charge^ 

This may be a good place to point out 
to the class that any physical quantity 
that exists in "smallest possible" chunks 
is said to be quantized . We have seen 
that mass is quantized. We shall present- 
ly see that energy is quantized, too. 
Note also how, on the scale of everyday 
sizes of things, mass, charge, and energy 
do not appear to be quantized. Thus the 
everyday world observed with our unaided 
senses is remote from thi", aspect of the 
"real" world. As an example, in an 
ordinary llO-volt, 100-watt lamp bulb 

6 X 10 separate elementary charges 
enter and leave the bulb each second. 



E4r: Electroiysis 

We recommend that this experiment be 
done after Experiment 40, "The Measure- 
ment of Elementary Charge." Students 
will then know the value of the charge 
on the electron (q = -1.6 x 10"^^ 
coulombs) and they can use the measure- 
ment of the mass of matal deposited by 
the passage of a known quanti\,y of charge 
to calculate such things as the mass and 
volume of a single metal atom. If, in 
the experiments, we follow the strict 
historical sequence of the text (Faraday's 
work on electrolysis preceded Millikan's 
oil-drop experiment by about 80 years) 
students would use electrolysis to deter- 
mine the faraday (F) . Although this is 
an important quantity, its significance 
would emerge only after doing a series 
of experiments with many different ele- 
ments and finding that the same quantity 
of electricity (F = 96,540 coulombs) 
will deposit, or release, the gram equiv- 
alent weight of any element. 




Equipment 

One 500 or 600 ml beaker 

One sheet of copper sufficient to line 
the inside wall of a beaker (anode) , 
with a connecting tab 

One sheet of copper sufficient to form a 
cathode cylinder 6 to 8 cm long and about 
3 cm in diameter, with a connecting tab 

A balance from which the cathode can be 
suspended.. If an equal-arm balance is 
used it should have a shelf to support 
the beaker (Fig., la). If a triple-beam 
balance is used it should be raised above 
the bench and the cathode suspended 
below the balance (Fig. lb). 




Fig. lb 



Electrolyte solution of saturated copper 
sulfate m disti lied (or de-ionized) 
water with two or three drops of concen- 
trated sulfuric acid. Both the use of 
distilled water and the addition of sul- 
furic acid are esseptial to the formation 
of a good adherent deposit. 

DC ammeter 0-5 or 0-10 amperes 

6-8 volt dc supply 
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Variable autot ran s former or rheostat 

Connecting wire including a short wire 
connected to cathode and ending with 
clip to hand cathode from balance arm.. 
Also a short wire (coiled) with clips on 
each end, if needed, to connect cathode 
to balance arm (see Fig. 2). 

Stop watch, optional 
Procedure 

An unusual and very convenient feature 
of this experiment is that the cathode is 
supported m the electrolyte from the 
balance beam (Fig. 1). Thus the cathode 
need not be removed from the cell for 
weighing, and we have eliminated the 
risky step of drying it after the experi- 
ment.* Both equal-arm and triple-beam 
balances can be used. 

Another refinement is to control the 
current by means of an autotransf ormer 
("Variac" or "Powerstat" — see Fig. 1) 
which provides current control over a 
wider range than the more conventional 




*If you still have trouble due to some 
of the deposited copper dropping off the 
cathode, try reversing the current and 
have students measure the loss in weight 
of the anode. 



rheostat m series with the cell. Ot 
course a rheostat can still be used if 
more convenient and should be connected 
in series with the output of the power 
supply . 

If an ordinary power supply is not 
available one can be made fro^i a bell 
transformer with a rectifier m series 
with its output. The ammeter in the cir- 
cuit will read the average of the result- 
ing pulsating direct current, which gives 
correct results. 

Notice that the electrical connection 
to the cathode must be made through the 
wire by which it hangs from the balance 
beam. The knife edge and its seat are 
not electrically conducting so they must 
be bypassed as indicated. 

Even if the pivots of the balance are 
made of metal you cannot pass a 5 amp 
current through them. 

The anode connection is made in any 
convenient manner. 

Care must be taken to see that neither 
solder nor any battery clips touch the 
copper sulfate electrolyte since some 
foreign metal will dissolve and, by re- 
placing copper atoms m the electrolysis 
process, will drastically alter the re- 
sults. It is for this reason that both 
electrodes must have protruding tabs for 
electrical connections. 

Since the rate of deposit of copper 
will not be constant if the cathode sur- 
face is dirty or impure, it is a good 
idea to form a deposit of pure copper on 
it by a preliminary run of 10 or 15 
minutes. During this time the controls 
can also ^e adjusted to obtain the de- 
sired current. Explain to the students 
why they can start from any state of the 
electrode, not just the unplated elec- 
trode at t = 0. 

= 8.9 g/cm^ 
= 1.3 g/cm^ 

■'■ - T:i =0.85 

Am' 

. . Am = g--^ 

Ql Q = I X t. (A typical answer — a cur- 
rent of 5 amps for 10 minutes — would be 
5 X 10 X 60 = 3,000 coulombs. This would 
give a true mass increase of 1.02 g.*) 



♦Theoretical value. In practice the mass 
increase is usually 3% - 8% lower than 
theoretical. 
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Q2 Two electrons : 



Cu'^'^ + 2e" 



Cu 



Q3 Number of electrons = 

1.6 ^ 10-1^ 
(For the example given above, 



1.6 X 10-1^ 
electrons. ) 



3,000 



1.6 - 10-1^ 



= 1.9 > 10^2 



Q4 Number of copper atoms deposited 

number of electrons 
2 

(0.95 X io22 = this example). 

Q5 Mass of each atom = mass deposited 

number of atoms 



1.02 g 



0.95 X 102? 



1.07 ^ 10"22 



Q6 Number of atoms in a penny 

mass of penny 

mass of each atom 




= 2.8 X 10^2 atoms 



1.07 ^ 10"22 atoms"^ 
Q7 Volume occupied by copper atom 



volume of penny 



0. 3 cm^ 



no. of atoms in penny 2 8 x IO22 
= 1.07 y 10-23 cm^. 

Q8 No.: of atoms in gram atomic weight 
gram atomic weight _ 63 



weight of atom 
5.9 X 1023, 



1.07 X 10-22 



Avogadro's number is the number of atoms 
in one gram atomic weight. 



liquid's mass is 0 V 
e 



V = p / JENa . 



Also T IS the apparent weight of the 
cathode m'ag and W is the true weight of 

the cathode ma . 

g 

Putting these values of B, T and W 
into the first equation above, we get 

p ma 
e q 

ma + * = ma 

g ^ 

Dividing both sides by ma 



Derivation of the Buoyancy Correction 
Factor 

In this experiment the cathode whose 

mass IS m and whose density is p has a 

c 

volume V = m/p^. It is submerged in a 

liquid (the electrolyte) whose density 
is p^. The three forces on it are shown 

in Fig. 5 where T is the upward force 
exerted by the balance and B is the 
buoyant force exerted by the liquid. 

When the cathode is in equilibrium 
T + B = W. 

Now by Archimedes' Principle the 
buoyant force B is simply the weight of 
the liquid displaced by the volume 
V = m/p^ of the cathode. And since the 



m p 

c 



or 



1 - p /p 

e^ c 



Of course the experimenter is not 
interested in the total mass m of the 
cathode. He is interested in the in- 
crease in mass Am, but this is propor- 
tional to the increase in apparent mass 
Am' . So 



Am = 



Am' 
1 - 'e/'c 
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E42*; The Photoelectric Effect 

Do the qualitative demonstrations (D55) 
using an electroscope, before students 
start the experiment. The demonstration 
shows that negative charge (electrons) 
can be driven off from a clean metal plate 
by light, and that the effect depends on 
the wavelength of the light and the nature 
of the metal surface. 

One transparency (T36) can be used to 
explain the construction of a photocell 
and the measurements to be made in the ex- 
periment. 

The central purpose of the student ex- 
periment is to give evidence that the wave 
model of light is inadequate. 

Specifically the experiment shows that 
the kinetic energy of photoelectrons 
knocked out of a photosensitive surface 
depends on the color (and hence the fre - 
quency ) but not on the intensity of the 
incident light. According to the wave 
model the kinetic energy depends on the 
intensity of the light. 

The experiment then goes on to show 
that the maximum kinetic energy of the 
electrons is a linear function of the fre- 
quency of the incident light. A graph of 
energy against frequency is a straight 
line whose slope (as found by precise meas- 
ments) is Planck's constant h. Measure- 
ments of h in this experiment are within 
an order of magnitude of the accepted val- 
ue h = 6.62 ^ 10" joule-sec. 

Equipment 

Phototube unit — see Equipment Note on 
phototube unit, page 85. For this experi- 
ment the jumper leads should be uncrossed, 
so that as the potentiometer knob is 
turned clockwise the potential of the col- 
lector changes from up to a maximum of 2 
volts negative with respect to the emit- 
ter. 

One cannot really see the phototube in- 
side the box, and students may not have 
seen one before. To prevent the experi- 
ment from becoming too mysterious, show 
them an unmounted phototube before they 
begin the experiment, and point out the 
emitting surface and collecting wire. 

Amplifier/power supply. The case of the 
phototube unit is connected to the ground 
terminal (black) of the amplifier via the 
ccreen of the cable. In an experiment 
like this where small signals are ampli- 
fied, noise is always likely to be a prob- 
lem.. In general, grounding the case of 
the phototube unit in this way will re- 
duce noise. But in some instances it may 



be better to unground the amplifier by 
using a three-to-two adapter plug to con- 
nect it to the line. 

Earphone or loudspeaker. At this fre- 
quency the human ear can detect ac cur- 
rents as small as 1 microampere in the 
earphone. Since the maximum gain of the 
amplifier is a hundred, currents of 10" 
amps can be detected. The loudness of hum 
in the earphone or speaker increases with 
the current m the photoelectric cell. 

Cathode ray oscilloscope can be used to 
detect the amplified photocurrent instead 
of earphone or loudspeaker. It Is impor- 
tant to use shielded connecting wires to 
avoid extraneous pick-up. Set the 'scope 
to a sweep rate of a few hundred per sec- 
ond,-, set vertical gain to maximum. 

Ligh*: source. Mercury vapor lamps are the 
best for this experiment (e.g, Macalaster 
#3400, $10.00; or the small 4-watt "ozone" 
lamps made by General Electric — which can- 
not be run without ballast) .> These emit 
the four frequencies listed. Because they 
emit ultraviolet, students must not look 
directly at them. 

Fluorescent lamps give a continuous 
spectrum with bright mercury lines super- 
imposed on it, as can be seen easily with 
a pocket spectroscope. Fluorescent room 
lighting is adequate if the photocell is 
directly below the ceiling fixture. A 
large lens can be used to concentrate more 
light on the cell. 

Fluorescent desk lamps may be unsatis- 
.factory unless you can screen out the large 
inductive hum they cause in the earphones 
which has nothing to do with the amount of 
light shining on the photocell.. 

An incandescent light source (such as 
the light source of the Millikan apparatus) 
is less satisfactory. It gives a continu- 
ous spectrum and so filters whose cut-off 
frequencies are exactly known must be used 
(see section on filters, below) . if ear- 
phone, loudspeaker or oscilloscope is go- 
ing to be used as detector the beam must 
be "chopped" to give an ac current in the 
phototube. The 12-slot strobe disc driven 
by the 300 rpm motor gives a 60-cycle 
per second signal which is unsatisfactory 
because it can easily be confused with line 
frequency pick-up. You can make a card- 
board disc with about 60 teeth which will 
give a chopping rate of 300 per second when 
mounted on the 300 rpm motor. 

An uninterrupted beam of light from an 
incandescent lamp — or daylight — can also 
be used: the photocurrent will be dc and 
so will the amplified current. Use a dc 
milliameter or 0-2. 5V dc voltmeter instead 



NOTE: Many of the details of these notes are appropriate only to 

the equipment supplied m 1967-68. New notes will accompany 
(or precede) the new equipment. The less detailed Student 
Handbook notes have been adapted to the new equipment. 
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of speaker or oscilloscope to detect the 
amplifier output. Set the dc offset con- 
trol very carefully so that the meter read- 
ing is zero when the phototube is covered. 
This is certainly the simplest method to 
use and needs least specialized equipment. 
It has the advantage that the noise prob- 
lem is largely eliminated. 

Filters to fit over the photoelectric cell 
window. At least three are necessary. The 
yellow, green ard blue filters supplied by 
Project Physics dc quite well for isolat- 
ing the mercury yellow, green and blue 
lines. Cut the yellow filter (Wratten #22) 
into four pieces with a sharp pair of scis- 
sors and mount each small square in a 35 mir 
slide mount. With no filter, the highest 
frequency effective is either the violet or 
the ultraviolet mercury line, probably the 
former. If you use a fluorescent lamp 
source, you can assume that the dominant 
frequencies transmitted by the filters are 
the mercury lines. 

Voltmeter (0-2 or 0-5 volts dc) for meas- 
uring "stopping voltages." Its use is 
described n»ore fully in the procedure sec- 
tion below. 

Students may notice that if they con- 
tinue to turn the voltage control knob past 
the cut-off setting, the signal increases 
again. This is because some photoelectrons 
are emitted from the collector wire and, 
because the collector is now quite negative 
with respect to the emitter, they are drawn 
to the emitter. The current is now in the 
reverse direction, but this cannot be es- 
tablished with loudspeaker detector (though 
It can with oscilloscope or dc meter) . 

If students ask about this you can 
either explain the cause and tell them to 
find the voltage setting for minimum sig- 
nal or reduce the reverse current by making 
a black stripe with narrow tape or grease 
pencil down the middle of the tube face to 
prevent light from falling on the collect- 
ing wire., 

The Wratten series of filters have sharp 
cut-off at the high frequency (short wave- 
length) end: 




By using some of these filters and an 
incandescent lamp (continuous spectrum) 
many more values of stopping voltage could 
be obtained. The filters are made by Kodak 
and can be obtained through a shop that 
sells photographic supplies. 



Wralten Filter 


Cut-off > 


Glass alone 


3200A 


#1 (poor stability) 


3500A 


2B 


3900A 


4 (poor stability) 


4500A 


8 


4600A 


12 + 8 


5000A 


15 + 8 


5100A 


16 


5200A 


23A 


5600A 


26 


5900A 


29 


6100A 


70 


6500A 


97 + 26 


6800A 



Ql The stopping voltage increases as the 
frequency of light increases. 

Q2 Yes, the greater the light intensity 
the louder the hum (and we can deduce that 
more photoelectrons are emitted) . 

Q3 No, stopping voltage does not depend 
on intensity. (But because the signal is 
weaker for lower light intensities it may 
be difficult to find precise cut-off set- 
tings at low intensities.) 

Q4 Students will not be able to detect 
any time delay. The wave model of light 
requires a delay of about a hundred sec- 
onds (see derivation on page ) ; the par- 
ticle model is consistent with instantane- 
ous emission. 

You may want to stop here. For a dis- 
cussion of the meaning of the results so 
far, see che notes at the end of these 
instructions . 

The second part of the experiment re- 
quires that students make more precise meas- 
urements of stopping potential, and then 
graph their data and deduce Planck's con- 
stant from it. They should have already 
read Sec. of the text and understood 

Millikan's graph on page , since this is 
not material that can be learned best by 
starting with the experiment. 

Voltages measured in this way will not 
be absolute values. The resistance of the 
phototube is very high ('^ 10 megohms) . 
When a voltmeter of appreciably lower re- 
sistance is put across it the meter draws 
some current and voltage across the photo- 
tube drops. But the relative values for 
stopping voltage can still be compared and 
used to plot the Vq vs . f graph 

(Alternatively, if the voltmeter is con- 
nected between the collector of the photo- 
tube and the ground terminal of the ampli- 
fier, it will give correct absolute read- 
ings.) 
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to a»ip. 




= 1.60 X 10 coulombs. 



Ideally, the points should be in a 
straight line. 

Q5 As explained in Section 18.4 of the 
text, the wave theory of light can neither 
predict nor explain the results of this 
experinient. In particular, if the very low 
intensity light strikes the photocell one 
would expect an appreciable timp delay be- 
fore the emission of a photoelectron (see 
page in this Guide) . 

Q6 The particle theory, on the other hand, 
can explain the results of this experiment 
quantitatively as well as qualitatively. 

Q7 The value of h will be approximate for 
Q8 several reasons. For example, a fluo- 
rescent lamp gives out a continuous spec- 
trum which contains all visible frequencies 
at low intensity. Some of these which pass 
through the filters will have frequencies 
greater than those of the bright emission 
lines. ^ Also the electron-emitting surface 
is never uniformly clean. Various spots 
on It have various work functions., (Milli- 
kan had to prepare his pure metal surfaces 
by shaving off the oxide coating in a high 
vacuum.) The signal is small, and there 
may be considerable "noise" as well, which 
makes it difficult to make accurate deter- 
minations of stopping voltage. And the 
use of inexpensive voltmeters limits the 
precision with which you can measure the 
low values of stopping voltage. Results 
should, however, be to better than an or- 
der of magnitude. A typical plot is given 
at the end of these notes. 

Q9 The value of fo/ the threshold fre- 
quency, and of W, the work function, varies 
from metal to metal and depends on the con- 



dition of their surfaces. Students' re- 
sults will depend on the accuracy of their 
voltage readings (see note above on use of 
low resistance voltmeters) . 

QlO No, because there is no result in this 
experiment that demands a v;ave theory for 
its explanation . 

Discussion 

The two transparencies (T36 and T37) 
which show idealized results of this ex- 
periment, and the photon theory explana- 
tion can be used after students have fin- 
ished the experiment. 

The important ideas to emphasize in 
discussion of this experiment are that: 

1. The stopping voltage and hence the 
maximum energy of photoelectrons is a 
linear function of the frequency, and is 
independent of the intensity of the inci- 
dent light. 

2. The photoelectrons are emitted 
immediately when light falls on the photo- 
electric cell. 

3. The preceding two statements are 
both inconsistent with the wave model of 
light (text, page ) according to which 
(1) the maximum energy of the photoelec- 
trons should also depend on the intensity 
of light, and (2) the photoelectrons should 
not emerge until several hundred seconds 
after light strikes the cell. 
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4, The slope h of the graph line turns 
out to be a quantity already shown to be 
important by Planck's study of radiation, 
in which he assumed light came if< discrete 
chunks, or quanta, of energy hf. 



Two papers which 
of the finer points 
peared in The Physi 
1. A. Ahlgren : In 
Studying the Photoe 
uring Planck's Cons 
er, October 1963; 
"Photoelectric Effe 
ized Electrometer," 
November 1965. 



give details of some 
of this experiment ap- 
cs Teacher recently: 
expensive Apparatus for 
lectric Effect and Meas- 
tan t , " The Physics Teach - 
2. H. H. Gottlieb: 
ct Using a Transistor- 
The Physics Teacher , 



Photoelectric effect: sample data 

frequency stopping kin. energy 

f (qec~S voltage V Vg (joules) 
color ^^^^^ ' (volts) Q 



yellow 


5 


2 ^ 


1 u 

10 


0 


30 


0 


48 X 


-1 9 

10 


green 


c 

■J 


5 X 


1 u 

10 


0 


38 


0 


61 X 


-1 9 

10 


blue 


6 


9 X 


1 u 

10 


0 


83 


1 


33 X 


-19 

10 


violet 


7 


.3 ^ 


1 w 

10 


0 


96 


1 


54 X 


-1 9 

10 



(c) flames, including Bunsen burner 
with various metallic salts added. 

(d) concentrated solutions of colored 
salts, dyes, chlorophyl, etc., to show 
absorption. 

(e) fluorescent lamp. 

(f) Balmer tube (atomic hydrogen) 
with power supply. If you use the Mac- 
alaster MSC1300 high voltage source here 
be sure to remove the 6.8 megohm resistor 
taped to its output. Macalaster #1350 
spectrum tube power supply needs no alter- 
ation. 

♦Polaroid camera (experimental model 002 
or model 95, 150 or 800) and film (speed 
3000) . 

Procedure —qualitative 

Have the class observe as many differ- 
ent spectra as possible to establish (a) 
the existence of bright-line, :<bsorption 
and continuous spectra, and (b) the qual- 
itative observation that the red light 
(longer wavelength) is "bent" more than 
the violet by a grating. In explaining 
spectra it is a good idea to contrast 
emission and absorption spectra first of 
all and then contrast line and continuous 
spectra . 



E43: Spectroscopy 

There are several parts to this se- 
quence of observations. 

Certainly all students should look 
at as many spectra as possible — bright- 
line , absorption, and continuous — includ- 
ing (a photograph of) the Balmer spectrum 
of hydrogen. 

The work becomes more quantitative as 
it goes along. Some teachers may not 
want to pursue it to the end, which re- 
quires that students calculate wavelengths, 
and from them perhaps Rydberg's constant 
and some of the energy levels of an exci- 
ted hydrogen atom. 

Equipment 

Replica gratings and/or "take-home" 
pocket spectroscopes (Damon 9071, 
Macalaster 2412) 

Sources of line and continuous spec- 
tra such as the following: 

(a) incandescent lamp (see Demonstra- 
tion 56: Blackbody Radiation) 

(b) spectrum tubes of various gases 
and power supply. 



Let the students use the pocket spec- 
troscopes outside the classroom to look 
at illuminated signs, street lights, sky 
light, moonlight, etc. The Fraunhofer 
absorption lines of the solar spectrum 
(described on text page 67) can probably 
be seen with the pocket spectroscopes 
only by looking directly at the sun through 
a dark filter and with a somewhat narrowed 
slit. Razor blades taped over the slit 
can narrow it very well. Remind students 
of the danger of looking at the sun di- 
rectly. 

Ask whether anyone can explain why a 
fluorescent lamp gives both a continuous 
spectrum (from coating on alls of tube) 
and the bright-line spectr.m of mercury 
(from mercury vapor in the oube) . This 
is a good point to observe that contin- 
uous spectra are emitted by solids (e.g., 
lamp filaments) or highly compressed 
gases (body of the sun), while bright- 
line spectra are emitted by excited 
gases (e.g., discharge tubes or salt 
sprinkled into Bunsen flame) . Absorption 
spectra are formed when light having a 
continuous spectrum passes through rela- 
tively cool gases or liquids or trans- 
parent solids. 

Ideally students should see a hydrogen 
spectrum against a black background in a 
darkened room. Probably only three lines 
(red, blue-green, violet) will be visible, 
in which case the idea of a regular 
series (Balmer*s) will not be very con- 
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vincing. For this reason the second part 
of the experiment is devoted to photog- 
raphy which will reveal several additional 
lines m the ultra-violet to which the 
eye is insensitive. 

Discuss these observations to bring 
out the point that because the emission 
of bright-lxnes is evidently an atomic 
process, an explanation of spectra can 
reveal a great deal about the structure 
of atoms. Note m this connection how 
each element has its own characteristic 
bright-line spectrum. Note how the 
simplest atom, hydrogen, seems to produce 
the simplest spectrum. 

Procedure — quantitative 

The hydrogen tube should give a bright 
red light. Old tubes give bluish light 
which does not produce a good Balmer spec- 
trum. 



Mount the hydrogen spe 
tically against a black b 
darkened room (Fig. 1) 
stick horizontally just b 
Secure a grating directly 
camera lens, making sure 
lines are parallel to the 
(You see a spectrum runni 

Set up the ca.nera on a 
firm support about 1.3 m 
tube . 



ctrum tube ver- 
ackground in a 
Set a meter 
ehmd the tube. 

in front of the 
that the grating 

spectrum tube, 
ng horizontally. ) 

tripcd or other 
in front of the 



An easy way to attach the diffraction 
grating to the lens is to use a cardboard 
holder: 



^ 2" 




Hole to fit camera lens (l-l/S'* 
diameter for model 002 » 1-1/4'* 
diameter for models 95 > 150, 800). 



This is made 
gated cardboa 
fits tightly 
with a 2" X 1 
of the corrug 
in the other 
are cemented 
inserted and 
positioned on 



with twu layers of corru- 
rd — one with a hole which 
over the lens, the second 

3/4" slot cut in one half 
ation and a 3/4" hole cut 
half. When the two layers 
together, the grating is 
the holder can be easily 
and removed from the lens. 





Fig. 1 

The grating must of course be oriented so 
that its lines are parallel to the spec- 
trum tube, i.e., vertical. 

Exact exposure time will depend on 
the lighting conditions in your room, 
and is best found by experiment. You 
may be able to record both the spectrum 
lines and the meter stick scale with a 
single exposure in a darkened, but not 
dark, room (experimental model 002 camera 
set to "75 speed," about 3 seconds 
exposure), or you may have to make a 
double exposure, one of the spectrum 
when t'-e tube is on, the second exposure 
with the tube turned off and the room 
lights on in order to show the meter 
stick scale. It is not necessary to re- 
move the grating for the second exposure. 

The resulting picture should show the 
spectrum lines clearly against the meter 
stick scale. 

If you have the spectrum tube directly 
in front of the camera lens so that the 
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central (undif f racted) imaQe is in the 
center of the picture (Fig. 1) there 
may not be enough space on each side of 
it to show the red line (longest wave- 
length) , wiiich is at the greatest angular 
distance from the source. This will cer- 
tainly occur if you use the commonly 
available gratings with 13,400 lines/inch 
and any of the cameras suggested here. 
To get »i photograph showing the H line, 
a different set-up will be required, as 
shown ir Fig. 2. This geometry gives a 
picture with the source near one edge of 
the photograph and the first-order red 
line near the other. Compare the cam- 
era's field of view with the spectrum 
seen by the eye through the same grating 
to find the best orientation for the 
camera, or use the focussing screen to 
make sure that t le red line will be 
recorded. 



1 




1 . 


























Qualitative observation of the hydro- 
gen spectrum — with or without a photograph 
— is as far as some teachers will wish 
to proceed. The important point to be 
made is the regularity of the spectrum, 
and it may be better for some students 
just to look. 

To go further requires the presenta- 
tion of the grating equation, X = d sin 6, 
and probaibly a correction to it to account 



for the off-axis geometry of the set-up 
in Fig. 2. 

The derivation of the grating formula 
> - d sin e for normally incident paral- 
lel light is probably familiar to you, 
but for completeness it is reprinted at 
the end of this note. 

The grating space d is presumably 
known For the commonly available grat- 
ings of 13,400 lines/inch, d = 1.89 • 
10-^ m. 

The angle e for each spectrum line is 
found from the source-grating distance t 
and its position on the film in accord- 
ance witn one or the other of the dia- 
grams in Figs. 1 and 2. 

If the source is in the center of the 
photograph , (i.e., light from source is 
normally incident on qratmg) , the geom- 
etry of Fig. 1 applies. 

It can be seen from the figure that 
for the red line 



. 3„ o _ RT _ R'T 
tan 6 = - — = ^ — 



and similarly for the other lines. With 
more accuracy 



2 tan 6 



RR' 

£ 



etc. 



Since RR' is identified from the photo- 
graph and £ (the source-to-gratinq dis- 
tance) is known, the values of tan 0 can 
be found for each line. 

Tables then give values of 0 and also 
sin e so that values of X = d sin 0 can 
now be found. 

If the source is not at the ctanter of 
the photograp h, .refer to Fig. 2.. in 
this arrangement the beam from the source 
is no longer incident perpendicular to 
the grating. Hence the rays are not dif- 
fracted through an angle 6, but through 
an angle P + Q as shown m the figure. 

The path difference between the two 
rays shown in the figure is : 

d sin P + d sin Q. 

The angle P is the same for all spec- 
trum lines. It is the angle between the 
source S and the center of the field of 
view C (Fig. 3) . 

Angle P is easily found since its tan- 
gent is the distance SC (from the photo- 
graph) divided by the distance £ from 
source to grating: 

SC 

£ 



tan P = 



The angle Q is the angle between a 
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Ftg. 3 



given spectral line (A, B, ...) on the 
film and the center of the field of view 
C. Thus 



AC BC 
•^^^ Qa = — ' tan Qg = — , 



etc. 



T he procedure for finding wavelengths 
IS as follows. From the measurements 
taken from the apparatus and the photo- 
graph, find tan P and tan Q for a given 
spectrum line. From tablf^s find sin P 
and sin Q. Then 



related energy level differences of ex- 
cited valence electrons. 

It is probably also worth reminding 
students that the lines of the Balmer 
series involve excited atoms, but not 
ionized atoms. If possible show pictures 
of the Balmer series in absorption in the 
spectra of stars. From this kind of evi- 
dence we know that hydrogen is by far 
('^90%) the most prevalent element in the 
universe as a whole. 

Sample Results 

As many as nine lines of the hydrogen 
Balmer spectrum have been measured by 
this technique. More typically, students 
will be able to measure about five lines: 



measured value accepted value % differ- 

(X) (A) 



ence 



6350 
4830 
4430 
4050 
3920 
3820 



6562 
4861 
4340 
4101 
3970 
3835 



3.2 
0.6 
2.1 
1.3 
1.3 
0.4 



DERIVATION OF THE GRATING FORMUAL X = d sin 



or 



X = d sin P + d sin Q, 
X = d (sin P + sin Q) . 



Students should be able to get results 
that agree within a few tens of angstroms 
(see sample data) . 

Rj^ = 109,678/cm in a vacuum. The value 

in air differs from this in the last two 
digits. This will not show up in stu- 
dents* results, of course. 

E = hf = h^ = 6.6 X 10-3U , 3.0 X loQ 



3.0 ^ 10-^^ joules. 



0.66 X 10-^ 



Discussion of the hydrogen spectrum 

Class discussion should bring out the 
point that the Balmer series is only one 
of several spectral series of hydrogen 
and that the lowest energy state of this 
series is not the lowest possible 
("ground") state of the atom. It is next 
to the lowest state, when electrons do 
fall to the ground state, the quanta 
emitted have higher energy and lie in the 
ultraviolet (Lyman series) . 

Discussion should also make it clear 
that spectral series of other elements 
are generally much more complex, but from 
them it is also possible to work out the 




Consider a parallel beam, normal inci- 
dence at the grating. 

The diffracted rays are brought to a 
focas by the (eye or ccimera) lens. There 
will be reinforcement at the point P if 
the diffracted rays are in phase in the 
plane MM. For this to happen the path 
difference between rays diffracted at 
successive openings in the grating must 
be a whole number of wavelengths. Thus 
BB* = n\; CC = n\ ; DD' = nX , etc. for 
P to be bright. 



83 



Experiments 
E43 

E42* Addendum 



If d is the grating spacing, BB ' = CC 
= DD* = ... = d sin e. So point P will 
be bright if 

nX = d sin 0. 

There are a series of values of sin 0 
corresponding to n = 1, 2, 3... which 
will satisfy this equation for a given V. 
In this experiment we are only concerned 
with the first order spectrum (n = 1) for 
which the formula simplifies co 

X = d sin 0. 

Longer wavelengths are diffracted 
through Ic-.-ger angles [sin 0 « X). 



E42* Addendunf) 

The Photoelectric Effect Made Simple 

You may be bewildered by the n^unber of 
alternative light sources and detectors 
that are suggested for E42*, The Photo- 
electric Effect, in the Un^t 5 Teacher 
Guide. The simplest setup, and one that 
requires the least special equipment use: 

a) a desk lamp, or other incandescent 
source 

b) voltmeter (2.5V dc) or milliamcter 
to detect amplifier output 





There is no noise problem with this 
arrangement . 

Disadvantages are : 

1. The incandescent lamp has a con- 
tinuous spectrum which makes it difficult 
to know what the highest effective fre- 
quency passed by the filter is. 

2. The dc offset control must be 
carefully set to make sure that the meter 
reads zero when there is no light falling 
on the phototube. 

You can show the direction of the 
photocurrejit and its dependence on light 
intensity very simply with the Project 
Physics phototube unit and microammeter , 
and a desk Icunp. Connect the meter diretly 
across the phototube, using the black 
jacks on the front of the unit. 




A 100-watt tungston bulb about 10 cm from 
the phototube gave about 5 microamps. 
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Equipment note on the Phototube Unit 
(PUB-IOO) 

The unit consists of a 1P39 gas-filled 
phototube, lOOO-ohm potentiometer and 
2000-ohm fixed resistance mounted in a 
metal box. 



To 




-6V 



1 



The unit is connected by shielded 
cable to the Project Physics amplifier/ 
power supply unit. The bo: is connected 
via the cable screen to the ground ter- 
minal of the amplifier. (In some cases 
ungrounding the amplifier unit, by using 
a three-to-two plug to connect it to the 
line, may help reduce noise,) 

One end of the potentiometer is con- 
nected to ground, the other is 2 volts 
below ground. The voltage across tho 
phototube can thus be varied between 0 
and 2 volts. 

For normal phototube applications 
(where one is interested in as large a 
photo current as possible) the emitter 
IS made negative with respect to the 
collector; cross the jumper leads so that 
as the potentiometer knob is turned 
clockwise the poten*:ial of the collector 
increases up to a maximum of 2 volts 
above the emitter. Use the unit this 
way — or connect directly to the 3P39 via 
the two black jacks — when using it as a 
light sensor, for time-of-f light measure- 
ments, etc. 

But in Experiment 42*, The Photoelec- 
tric Effect, a counter potential is 
applied across the tube (collector nega- 
tive with respect to emitter) , and grad- 
ually increased until the flow of photo- 
electrons is stopped. The jumper leads 
are uncrossed. 

In either application the photocurrent 
can be increased loOX by the amplifier 
and detected by earphone or oscilloscope 
(for intermittent light sources) or meter 
(for steady light source) . 

There will probably always be some 
background noise due to pickup from 
nearby 60-cycle circuits when the ampli- 
fier is set to a high gain. When deter- 



Equipment Notes 
Phototube Unit 
Millikan Apparatus 

mining the stopping voltages in Experiment 
42* It is important to distinguish between 
signal and noise. Cover the phototub^^ 
window with an opaque shield. Any remain- 
ing amplifier output is noise. When doing 
the experiment increase the counter poten- 
tial until the amplifier output is reduced 
to thi.s level. 



, o- 



shielding one of the jumper leads and 
grounding the shield to the box will help 
''educe pick up. 

NOTE: Many of the details cf these notes 
are appropriate only to the equipment sup- 
plied in 1967-C8. New notes will accompany 
(or precede) the new equipment. 



Miilikan Apparatus 

1. Connect the wire leads from tne 
light source to a 6.3-volt, 2.5-ampere 

ac or dc terminal of a power- supply. Turn 
the power supply on at once to dry o t the 
tube. If moisture collects on the lens, 
remove it, dry with a soft tissue, and 
leave lens off until tube warms up. 

2. Mount the light source on the pivot 
arm, in the U-shaped support. Set the 
pivot arm so that it makes an angle of 
abou* '0*' with the in.s'crument axis, with 
the light source to che left , when viewed 
from the tront of the instrument. Adjust 
the source to produce a sharp vertical 
image of the filament on a white card held 
at the center of rotation of the pivot arm. 
Hold it in place with tne aluminum clip 
and rubber band attached to the pins in 
the pivot arm. 

3. Remove the small shiny reflector 
from the objective end of the microscope. 
Keep the reflector lo use with the micro- 
scope to examine cpaque objects. (It 
illuminates the object and ensures the 
correct distance between objective lens 
and object — when the end of the reflector 
■}\ist touches the object.) 

4. Mount the microscope in the spring 
clip and focus it on the white card at the 
center of rotation of the pivot arm. The 
parallel lines of the scale in the micro- 
scope should oe horizontal. 
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5. Mount the plexiglass chamber over 
the center of rotation of the pivoc arm, 
fitting the locating pins into the small 
holes and attach with a rubber band. The 
hole should be to the left with the two 
wire leads coming from the back of the 
chamber. Be sure chamber walls are clean. 
The light beam should enter the chamber 
close to the corner. Connect the two wire 
leads to the jacks on the control box, 
yellow to yellow and green to green. 



Chamber 




M.crosa>pe ^ 



6 Connect leads from the control bo/ 
to the dc power supply, red plug to 224V 
terminal, black plug to ground. CAUTION: 
TURN OFF POWLR SUPPLY BEFORE MAKING THE 
CONNECTIONS. Turn on power supply.- When 
control-box switch is in the center, no 
voltage is connected to the plates in the 
chamber.. When switch arm is down, upper 
plate is positive;, when it is raised, 
lower plate is positive. The knob on the 
right side of the control box governs the 
magnitude of the voltage between the pi tes. 
When it is fully counterclockwise the volt- 
age is zero; fully clockwise, the voltage 
between plates is equal to the voltage of 
power supply . 

DEMONSTRATION: Brownian Motion 

The apparatus is now assembled for 
demonstration of Brownian motion (Unit 3) . 
Draw a little smoke from a just-r.xtin- 
guished match into a medicine '^.r:)pper, 
and expel into chamber through tne hole 
m wall. Too much smoke will make the 
whole field of view look grey. If this 
happens, wait until most of the smoke has 
settled, or blow some out. You should 
see a relatively small number of bright 
spots against an almost black background. 
The "jiggle" of these tiny particles is 
very noticeable. You may want to prepare 
the ground a little for the Millikan ex- 
periment by showing the effect of an elec- 
tric field on the smoke particles (which 
are electrically charged) . Use the re- 
versing switch and potentiometer to de- 
monstrate the effect of changing field 
strenath and direction. 



7 Remove 
from the plast 
depth of iatex 
It IS not nece 
sion. Push thi 
rhite plastic 
the atomizer c 
cap, with th-^ 
bottle. Att c 
tubing to the 
flatmg needle 
tubing. Jlount 
clip and mser 
nearer the nic 
uncil the push 



the atomizer can (nipple) 
ic bottle. Four about 1 cr 
particles into the bottle, 
ssary to dilute the sus'^cn- 
e short length of narrov 
tubing into the inside of 
ap, and then roi^lacc the 
plastic tuLmg inside the 
h one end of the anbcr latex 
nipple and insert the m- 
m the other end or the 
the bottle in the spring 
t the needle into the hole 
roscope m the chamber wall 
-nut touches the chamber val 



8. Connect a high impedance dc volt- 
meter (at least 10,000 ohms per volt or 
100 microamp full-scale deflection) to 
the black and red jacks on the control 
box. Red to +, black to 

9. Introduce a cloud of spheres into 
the chamber of the Millikan apparatus by 
giving the plastic bottle a sharp squeeze. 

10. You should see several tiny bright 
spots of light against a dark grey back- 
ground * It may be necessary to adjust 
the microscope very slightly to focus on 
the spheres, or to adjust the light source 
When the apparatus is correctly set up 
the beam of light enters close to the 
corner of the chamber, and the end of the 
microscope is only a few millimeters from 
the frr..^ ;-."all of the chamber.. The field 
of view will be dark grey. If you do not 
see any spheres after making a slight 
adjustment of ligi.t source and microscope, 
introduce a little smoke into the chamber 
(as m the Brownian motion demonstration) . 
Adjust light and microscope for maximum 
visibility of the smoke particles. Then 
try again wii:h the latex spheres. The 
light beam should pass between the two 
plates. You may find that some of the 
beam passes above or below one of the 
plates, leaving the working space not 
fully illuminated. If so, adjust the 
beam up or down slightly by placing a 
thin card between the light source tube 
and the U-shaped support.. 



EXPERIMENT: 
charge 



Measurement of Elementary 



Details of the Millikan experiment 
Itself are given in the Student Handbook 
and Teacher Guide., In the method de- 
scribed the electric field is adjusted 
until the electric force acting u .;ards 
on a particle is just equal to the gravi- 
tational force acting downwards. The 
same apparatus can also, of course, be 
used for the more conventional version 
of the experiment in which the two forces 
do not balance, and the sphere moves with 
terminal velocity. 
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Comments on the determination of relative 
Atomic Masses 

There are three approaches that can be 
taken to determine relative atomic masses. 

A. ' chemical reacuion method . The rela- 
tive masses of elements entering into a 
reaction can be determined. In this way, 
for example, it can be demonstrated that 
in the formation of water the mass of oxy- 
gen IS 7.94 times the mass of hydrogen. 

If one now assumes , as did Dalton, that 
water consists of one oxygen atom and one 
hydrogen atom, then one can conclude that 
the mass of one oxygen atom is 7.94 times 
the mass of one hydrogen atom. (See Sec 
17.2.) 

B. Electrolysis method . A second 
line of evidence comes from electrolysis 
experiments. The decomposition of water 
by electrolysis produces 1.008 grams of 
hydrogen and 8.00 grams of oxygen. Again, 
the mass of oxygen is 7.9 4 times the mass 
of hydrogen. (see Sec. 17.8.) 

Gas density method . In the dis- 
cussion of the kinetic theory of gases 
in Chapter 12, we saw a result of a cal- 
culation by Loschmidt. He calculated the 
number of molecules (N) in a cubic meter 
of gas at 0* c.. and normal atmospheric 
pressure. The result is 



N = 2.687 



10 



2 5 



We can utilize this number in conjunction 
with gas density measurements to determine 
relative atomic masses. The density of 
hydrogen is : 



^ ^ mass of one hydrogen gas particle 
1 m3 



Likewise, the density of oxygen under the 
same conditions is : 

X mass of one oxygen gas particle 
1 m3 

But, by Loschmidt 's work, N = N , so the 
ratio of densities is: ^ 

density^ of oxygen _ 
density of hydrogen 

Nq X mass of one oxygen gas particle 
Nj^ X mass of one hydrogen particle 



mass of one oxygen gas particle 
mass of one hydrogen gas particle 



Hence, a 
vide rel 
ties can 
volume o 
simple s 
weighed, 
measured 
pressure 



knowledge of densities can pro- 
ative atomic masses. Gas densi- 
be measured by weighing a known 
f gas. This can be done in a few 
teps.. First an evacuated bulb is 
It is then filled with gas under 
conditions of temperature and 
and weighed again. The differ- 





ence m weight gives the mass of the gas. 
The bulb is then filled with water and 
weighed again. The difference between 
this mass and that of the evacuated bulb 
IS the mass of the witer. since the den- 
sity of water is known, the volume of the 
water, which is the same as the volume of 
the bulb, is determined. This volume is 
also the volume of the gas. The ratio of 
the mass of the gas to the volume of the 
bulb (or gas) gives the density of the 
gas. The densities of a number of gase- 
ous elements at room temperature are 
listed in the table below. 

The ratio density of oxygen ^ 
density of hydrogen 



1309 
82.5 



= 15.87. 



Therefore, from the gas density data, it 
IS concluded that the mass of one oxygen 
particle is 15.87 times the mass of one 
hydrogen particie. If we compare this 
value with the value obtained by the chem- 
ical reaction method and the electrolysis 
method we see that our new value is twice 
as large. Two explanations could account 
for this discrepancy. Either a gas parti- 
cle of oxygen contains twice as many atoms 
as a gas particle of hydrogen, or water 
contains twice as many hydrogen as oxygen 
atoms. In the first case the relative 
atomic masses of oxygen to hydrogen would 
be 8:1, in the second case 16:1. 

If we calculate the other relative den- 
sities (density of element/density of 
hydrogen) , we obtain the values m the 
last column of Table 1. Notice that the 
rel-tive density for chlorine is identical 
with the number for chlorine listed in 
Table 17.4 of the text. 

We now have two sets of numbers for 
some elements: one set obtained from elec- 
trolysis and chemical reaction measure- 
ments, the otiier from gas densities. Tc 
establish the relative masses of atoms. 
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we must have some reliable way of assign- 
ing formulas to elements and compounds. 
Such a way was proposed in 1858 by S, 
Cannizzaro, who called attention to a 
regular pattern developed from data like 
those shown in Table 17.6. The second 
column shows values or gas densities meas- 
ured at 100° C and 1 atmosphere pressure.. 
In the third column are values of th( 
fraction of the weight of each substance 
due to the presence in it of hydrogen. 
This fraction can be determined by meas- 
uring the amount of water obtained when 
each of the indicated substances reacts 
with oxygen. On multiplying together 
the values for a given gas in the second 
and third columns , we get the correspond- 
ing value in the fourth column. These 
values represent the numbers of grams of 
hydrogen per liter of each compound. 
That is: 

density U <^°^P0^^^ \ fraSion b ^l^^'Ti ] 
I liter J hydrogen b ^on^poundj 

_ grams hydrogen 
liter 

In the fifth column we show that the 
weights of hydrogen per liter of the vari- 
ous compounds stand to eacn other in the 
ratio of small whole numbers . What in- 
terpretation shall we place upon this 
strikingly simple relationship? 

Loschmidt's number is independent of 
the gas under investigacion. It implies 
that under specified conditions of pres- 
sure and temperature, a cubic meter (or 
any volume) contains the same number of 
molecules. It then follows that the 
masses of hydrogen listed in the fourth 
column of Table 2 calculated for equal 
volumes of the various substances/ also 
represent the masses of hydrogen con - 
tained in equal numbers of molecules of 
the various substances . The atomic- 
molecular theory then clarifies why these 
masses should stand in the ratio of small 
whole numbers. A given hydrogen-contain- 
ing substance may contain one atom of 
hydrogen per molecule — or 2 or 3 or 4 or 
more atoms of hydrogen per molecule. If 
we denote by y the number of molecules 
of substance present, the numbers of atoms 
of hydrogen present in a unit volume of 
each substance must be ly , 2y , 3y, 4y, 
etc. But, in that case, the numbers of 
grams of hydrogen present must stand m 
tne corresponding small-whole-number- 
ratio 1:2:3:4:... — which is precisely the 
relationship expressed in the fifth col- 
umn of our table. This explanation sug- 
gests the partial formulas given in the 
sixth column of Table 2. 

This argument leads us to the some- 
what surprising conclusion (see Table 2) 
that the gaseous particle of hydrogen is 



not a single atom, but, rather, a pair of 
atoms joined i. an H2 molecule. But, we 
are still unable to assign the complete 
formula of any compound. There is, how- 
ever, no real reason for being discour- 
aged; we can easily reach our goal by pre 
paring a series of tables like that given 
above for hydrogen. Table 3 is such a 
table for oxygen.. 

As before, all entries m the fourth 
column are integral multiples of a mini- 
mum value (in this case, 0.52). As be- 
fore, the gaseous element itself is seen 
to consist not of individual atoms, but, 
rather, of diatomic molecules (O2). We 
can assign partial formulas as indicated 
in the last column of the table. 

Putting together the findings in both 
our tables, we see that we have obtained 
the complete formula for water: H2O. 
Once we have established such a formula, 
accurate atomic masses can be obtained 
from measurements of chemical combining 
masses. These are obtained more easily 
than accurate values of gas densities.: 
As noted earlier (equation on page 12 of 
text) / 1 gram of water contains 

0.1119 gram hydrogen 
0.8881 grc^m oxygen. 

Given that the formula of water is H2O, 
we see that 0.8881 g is the mass of oxy- 
gen containing only half as many atoms 
of oxygen as there are atoms of hydrogen 
in 0.1119 gram of that element. The mass 
es containing equal numbers of the respec 
tive atoms would be 2 x 0.8881 gram oxy- 
gen and 0.1119 gram hydrogen, and the rel 
ative masses of individual atoms of the 
two species is given by the ratio of thes 
two numbers: (2 x 0 . 8881) /O . 1119 = 
i. 7762/0 .1119 = 15.87/1.000 = 16.00/1.008 

We have studied two tabulations, and 
have obtained the ratio of two atomic 
masses. Our procedure can be generalized 
to other elements. The elements them- 
selves need not be gaseous (as are hydro- 
gen and oxygen) ; all that is necessary is 
that the element in question forms a con- 
siderable number of compounds that are 
either gaseous or readily volatile. In 
that case we can, with confidence, assign 
to the element the minimum mass that cor- 
responds to unit volume of a substance 
containing in its gaseous particle just 
one atom of the element in question. Giv 
en this minimum mass, and/or the assign- 
ments of partial formulas it makes possi- 
ble, we can then proceed, by the three 
methods noted above, to assign the atomic 
mass of the element. In this way atomic 
masses can be assigned to a substantial 
fraction of the known elements and there 
are additional procedures, which we need 
not discuss, that make it possible to 
find the atomic masses of all the known 
elements . 
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Table 1: Gas Densities of Some Elements 
at 29 8° K and 760 mm Pressure 



Hydrogen 
Nitrogen 
Oxygen 
Chlorine 



Density q/m^ 

82.5 
1146 
1309 
2900 



Density Relative 
to hydrogen 
density = 1 

1 

13.89 
15.87 
35.2 



^^^^ 2- Cannizzarro Method for Arriving at Formulas of Hydrogen Comp oi ..He, 



Substance 

Hydrogen 
chloride 

Chloroform 

Hydrogen 

Water vapor 

Ammonia 

Methane 

Ethyl chloride 
Ethane 



Gas density in Fraction by 
gms/liter, at weight of hy- 



1 atmosphere 
and lOO** C 



1.19 

3.90 

0.066 

0.59 

0.556 

0.525 

2.11 

0.982 



drogen in 
substance 



0 .0276 
0 .00844 
1.00 
0.112 
0.178 
0.251 
0 .0781 
0 .201 



Grams of Values (in pre- 

hydrogen m ceding colunm) 

1 liter of expressed as mul- 

compound tiples of 0 . 0 3 3 



0.033 
0.033 
0 .066 
0.066 
0 .099 
0. 132 
0 . 165 
0.197 



1 
1 
2 
2 
3 
4 
5 
6 



Partial 
formulas 



C^HiCl. 

H20^ 

C^H^ 

CpHsCl, 

CpHe 



Table 3: The Formulas of Some Oxygen Compounds 



Gas density in Fraction by 
gms/liter, at weight of 



Substance 

Nitric oxide 

Water vapoi 

Carbon 
monoxide 

Carbon 
dioxide 

Oxygen 

Suit ar 
trioxide 



1 atmosphere 
and 100° C 



0.98 
0 .59 
0.915 

1.44 

1.04 
2.61 



oxygen in 
substance 



0 .533 
0.888 
0.571 

0.727 

1.00 
0 .600 



Grams of 
oxygen in 
1 liter of 
compound 

0.52 
0 .52 
0.52 

1.04 

1.04 
1.57 



Multiples of 
0.52 gm 
per liter 

1 
1 
1 



Partial 
formulas 



H,Oi 
C7O1 



C,02 



O2 
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Spectroscopy 

A. Background and Scope of the Technique 

Almost everyone has seen at least one 
spectrum,, a rainbow. The band of colors, 
arranged from red to violet, is the visible 
portion of the sun's spectrum. The sun's 
spectrum can also be viewed by means of a 
spectroscope. In 1666, when he was 23, 
Sir Isaac Newton constructed the first man- 
made spectroscope. 

Spectroscopy is that branch of physics 
and chemistry that studies the absorption 
and emission of electromagnetic radiation 
by matter. Radiation of all wavelengths 
can be used. Matter in all physical 
states, gaseous, liquid and solid, can be 
studied. A range of information can be 
obtained depending upon the wavelength of 
electromagnetic radiation used. Table 
19.1 in text, paqe 69, gives a sample of 
information obtainable from spectral analy- 
sis. 

B. Instrumentation 

The basic instrument consists of three 
parts: a radiation source, a dispersive 
device and a detector. 

1. Radiation source ; The source employed 
depends upon the problem being studied. 
There is no universal source. For example, 
gaseous discharges or arcs give rise to 
visible and ultraviolet radiation, tungsten 
lamps to visible, glowing filaments to in- 
frared, and klystrons to microwave radia- 
tion. A wide variety of sources is used 
for different purposes. 

2. Dispersive device ; Two principal dis- 
persive devices are used; a prism and a 
diffraction grating. Each of these will 
disperse, or spread out, radiation into a 
spectrum, thus giving intensity informa- 
tion as a function of wavelength. The 
difference between an expensive and cheap 
instrument is often the quality of the 
dispersive device. The more detail one 
wishes to resolve, the better the dis- 
persive device should be. Thus, for 
example, to resolve the sodium doublet 
(see page 67 of text) , the lines of which 
differ in wavelength by only 5.970 A, a 
good instrument is required. 

3. Detector : The type of detector 
used depends upon the radiation source 
being used. For work in the ultraviolet 
and visible regions, photographic film 
is useful. Thermocouples are used to 
detect infrared radiation, while crys- 
tals are used in the detection of micro- 
waves. In the latter two cases, elec- 
trical signals produced at the thermo- 
couple or crystal must be amplified elec- 
tronically. Often these amplified sig- 
nals are then recorded on a stripchart 
recorder or viewed on an oscilloscope. 



C. Spectra Types 

1 . C ontinuous spectra : Continuous 
spectra include all wavelengths between 
certain limits, e.g. a rainbow. A con- 
tinuous spectrum results from heating 
a solid, liquid, or gas under high pres- 
sure (like the sun) until it glows 
brightly. Such a glowing object makes 
a good source of radiation for spectro- 
scopic work. In the figure below, it 
is seen that an object heated to 6000®K 
radiates with a maximum intensity m the 
visible region. (The tungsten filament 
of a photo-flood lamp is approximately 
eoOO^K when in use.) 




2 . Discrete spectra ; These are spec- 
tra in which only certain wavelengths 
appear. Line spectra and band spectra 
are discrete spectra. 

a. absorption spectra — When light 
is passed through a medium that ab- 
sorbs radiation of specific wave- 
lengths, the spectrum of the trans- 
mitted light is known as an absorp- 
tion spectrum. 

b. emission spectra — These spec- 
tra are formed when gases under low 
pressure radiate. 



Rutherford Scattering 

From Fig. 19.6 of the text it is seen 
that the larger scattering angle results 
when the alpha particle is incident along 
a line close to the nucleus. Looking at 
the figure below, we can say that any 
alpha particle whose undeflected path 
touches the circumference of the circle 
will be scattered through an anglo ^. 
Furthermore, any alpha particle whoso un- 
deflected path intersects the circle vof 
radius b) itself will be deflected by ah 
angle greater than 4> Thus, the alpha 
particle must strike the area nb^ to be 
scattered by an angle greater than (t>. 
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Now we can ask, what is the probability 
that an alpha particle will be scattered 
by an angle greater than ^? Each nucleus 
presents a target of size rb^ . The proba- 
bility of an alpha particle hitting one of 
the targets is oroDortional to the total 
target area — that is, the total shaded 
area in the figure below. If there are 
n nuclei per unit volume, then the total 
shaded area is nTrb^tA, where t is the 
thickness of the foil and A is the total 
foil area. We are assuming that the thick- 
ness of the foil is small enough that tar- 
get areas do not overlap; in other words, 
we are considering that' only single scat- 
terings occur. The probability of scatter- 
ing through an angle greater than ^ is 
simoly t}\e ratio of the total target area 

to the total foil area ^that is, nrb^tA/A 

or nnb-t. Thus, if we have incident 
alpha particles, the number scattered 
through an angle greater than ^, N , is 
given by Ng = Ni(mTb2t) , oi ttte friction 
Scattered is Ng/N^ = niib^t. 

All factors m the above equation, with 
the exception of b, can be determined ex- 
perimentally. With the aid of the calcu- 
lus, a relationship between b and can be 
derived. When this is done one gets the 
fol lowing : 
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Where Z 

^e 
A 

R 
K 



(9 X 109) z2q'^ntA 
^e 

4r2k2 sin'^^/2 

= the atomic nuinber of the scat- 
tering nuclei 

= the electronic charge 

= the area of the counter window 

= the distance from the foil to 
the counter 

= the kinetic energy of the alpha 
particle . 
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With this equation, which is essentially 
the relation given to Geiger by Ruther- 
ford, experimental tests on the nuclear 
model could be made. It was found that 
for both gold and silver foils there was 
agreement between theory and experiment. 



Source. 
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The above scattering formula is seen 
to be proportional to and inversely 
proportional to the square of the alpha 
particle's kinetic energy (or vM and to 
sm 0/2. It has been stated that Ruther- 
tord did not derive the above scattering 
tormula. According to George Gamow, 

Rutherford was so poor in mathematics 
tnat the famous Rutherford formu2.a 
for alpha particle scattering was d.3- 
rived for him by a young mathematician, 
R. H. Fowler. 

For a complete derivation of the Ruther- 
ford scattering law see Introduct ion to 
Atomic and Nuclear PhYsin<.^ Hon>-y c^^-^^ 
Holt, Rmehart, and Winston, Fourth Edi- 
tion, 1963, Appendix VII, page 598. 

Angular Momentum 

The anaular momentum of a particle is 
always defin^^d with respect to a point. 
Sometimes this point is called the center 
of rotation. In the case of circular- 
type .^^oMon it is particularly simple; 
I.e., the point is the center of the cir- 
cle. In circular motion it is also simple 
because the velocity, v, is always per- 
pendicular to the radius, r. In this case 
the angular momentum can be represented 
as mvr, where m is the mass. The situa- 
tion is pictured below. 




Angular momentum of 
mass m with respect 
to center 0 is mvr. 



In the more general case, the angular 
momentum is written as mv r, where v in- 
dicates the component of v that is per- 
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pendicular to r, the distance from the 
point of reference to the object. This 
more general case is illustrated below. 



0 




As a point of interest, angular momen- 
tum is conserved for a system just as is 
linear momentum. In fact, Kepler's sec- 
ond law, the law of equal areas, is an 
expression of the conservation of angular 
momentum. This can be shown as follows. 
Kepler's second law states that for equal 
transit times between PQ and RT , 



Nagaoka's Theory of the "Saturnian" Atom' 

In the same volume of the Philosophical 
Magazine in which this (Thomson 'si paper 
appeared, another theory of atomic struc- 
ture was propounded by H. Nagaoka.. This 
was the theory of the 'Saturnian' atom and 
was the precursor of the nucleus theory so 
brilliantly developed by Rutherford and 
Bohr. Nagaoka's theory derived its in- 
spiration from the mathematical analysis 
of the stability of the system of rings 
surrounding the planet Saturn, by James 
Clerk Maxwell who, in 1856, was awarded 
the Adam's Prize for an essay, entitled 
'On the Stability of the Motion of Saturn's 
Rings', ... In this essay. Maxwell dis- 
cusses the stability first of a solid 
ring of matter and then of a ring con- 
sisting of a number of separate particles;, 
in both cases the rings were presumed to 
be rotating around, and to be attracted 
inversely as the square of their distances 
from, 1 massive central body. He concluded 
that although the system containing a 
solid ring would be unstcible, a massive 
central body surrounded by a ring of sep- 
arate satellites would form a stable sys- 
tem if the angular velocity of the ring 
were sufficiently high. ... 




Ai (APQS) = A2 (ARTS) . 

When transit time between PQ and RT is 
small, arc p5 = chord PQ Now 

Ai = hri (PQ)j^ 

where (PQ)x is the component of PQ per- 
pendicular to r^. 

Likewise, A2 = >3r2 (RT)j_ . But, PQavi and 
also PQamvi;, thus, (PQ)j^ a (mvj . Substi- 
tuting, we get Aj a^sr ^ (mvi )^ . In like man- 
ner, A2ai$r2 (mv2 )j_ . Since A^ = A2 / pro- 
portionality constants will cancel and 



Such a stable structure of separate par- 
ticles rotating in a series of concentric 
rings round a massive central body which 
attracts the satellite particles with a 
force inversely proportional to the square 
of their radii of rotation was suggested 
as a possible model of the atom by H. 
Nagaoka in 1903 m a pape-- read before the 
Physico-Mathematical Society of Tokyo. 
This was published in the Phil. Mag . , 
Vol. 7, p.^ 445 , 1904, and was entitled 
'Kinetics of a System of Particles illus- 
trating the Line and Band Spectrum and the 
Phenomena of Radioactivity * . ... 

In order to account for the character- 
istic frequency lines of the band spectrum 
Nagaoka supposed that the rings of elec- 
trons in the 'Saturnian' atom would vibrate 
and that these vibrations would give rise 
to radiation. . . . 

"There are various problems which will 
possibly be capable of being attacked on 
the hypothesis of a Saturnian system, such 
as chemical affinity and valency, electrol- 
ysis and many other subjects connected wii:h 
atoms and molecules. The rough calculation 
and rather unpolished exposition of various 
phenomena above sketched may serve as a 
hint to a more complete solution of atomic 
structure . " 



mvi^ri = mv2j^r2 

which says that the pioduct, mvxr, the 
angular momentum, is a constant;, that is, 
angular momentum is conserved. 



*Excerpted from Conn and Turner, The Evolu - 
tion of the Nuclear Atom , Iliffe Books Ltd. 
London, 1965, pp. 111-118. 
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Answers 
Test A 

Group I 

1. Section of Unit: 18.2 

The particle has a mass that is 1836 times the mass of an electron. The particle 
has a charge that is 1/1836 the charge of the electron. The mass and charge of the 
particle are different from the mass and charge of an electron. 

2. Section of Unit: 17.2 

Molecular mass of ZnO = Atomic mass of zinc + Atomic mass of oxygen 

65.37 + 15.99 

81.36 

% by mass of zinc = Ttrrl) (^00*) 

80.3% 

3. Section of Unit: 18.2 

The deflection of the electron beam in a magnetic field depends upon the direction 
of the beam relative to the magnetic field, the speed of the electrons in the beam, and 
the strength of the magnetic field. 

4. Sections of Unit:. 19.4, 19.5 

The term "mvr" is the angular momentum of an electron as it orbits about the 
positive nucleus of a hydrogen atom. Equating the electron's angular momentum with 
the term "nh"/2TT indicates that the angular moment\im of the electron must be quantized, 
for n is an integer, whereas h/2TT is constant. 

5. Section or Unit: 20.3 

de Broglie X = — 
^ mv 

^ ^ 6.6 X 10-3^ J-sec 

(1.67 X 10-^7 kg) (10^ m/sec) 
X = 3.95 X 10-15 ^ 
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Group II 

6., Sections of Unit: 19.4, 19.5 
Balmer 



1/A = R4 



n . " 
1 



hf 



h ? 



El 

El 
El 



Bohr 











1 








«H = 




1 









7. Section of Unit: 20.5 

a) The uncertainty principle states that it is not possible to measure si.ultane- 

b) (")Mp)'rr"'' '° prescribed accuracy. 

2 TT 



Ap 



Ax . 

6.6 X 10-3^ j_ 



i - xu - u-sec 

2(3.14) (10-10 m) 
Ap > 1.05 X 10-2'* kg ni/sec 
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Suggested Answers to Unit 5 Tests 



Test B 



ITEM 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 
11 
12 
13 
14 
15 



ANSWER 

D 

D 

C 

A 

B 

A 

E 

D 

E 

A 

C 

B 

C 

A 

B 



SECTION 
OF UNIT 



20.1 
general 
19.1 
18.2 
18.6 
20.4 
general 
19.2 
18.6 
20.6 
20.3 
general 
20.4 
18.3 
17.3 
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Answers 
Test 8 

Group I 

1. Section of Unit: Chapter 20 

One can attribute both wave-like behavior and particle- like behavior to everything 
in the universe. For example, the diffraction of an electron can be explained by its 
wave properties and its momentum can be explained by its mass and velocity properties. 

2. Section of Unit: 19.8 

i) Although the Bohr model accounted for the spectra of atoms with a single 
electron in the outermost shell, serious discrepancies between theory and experi- 
ment appeared in the spectra of atoms with two or more electrons in the outermost 
shell. 

ii) Bohr's theory did not account in a quantitative way for the splitting of 
spectral lines that occurred when the sample being studied was in an electric or 
magnetic field. 

iii) Bohr's theory supplied no method for predicting the relative intensity of 
spectral lines . 



3. Section of Unit: 



18.4 



The energy of a photon is directly proportional to its frr ^uency. This can be 
said more succinctly by means of the equation E = hf where h, the constant of pro- 
portionality, is Planck's constant. 

4. Sections of Unit: 17.5, 17.6 

i) The periodic table ^^^rovided through the introduction of a system of 
"numerical characterization" of the elements a dependable means of correlating 
the elements and their properties. It established the regular occurrence of 
physical and chemical properties, and suggested some periodic recurrence of 
structure in atoms. 

ii) Gaps in the periodic table led Mendeleev to predict the existence of un- 
discovered elements, and furthermore allowed him to describe accurately many of 
their properties. 

5. Prologue 



Alchemy, the futile attempt to transmute base metals into gold, was the fore- 
runner of modern chemistry. Its importance lies in its by-products such as the 
development of methods of chemical analysis, the study of the properties of many 
substances and processes such as calcination, distillation, fermentation and sub- 
limation, and the invention of many pieces of chemical apparatus that are still used 
today . 
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6. J. J. Thomson »s e/m experiment 18.2 

Thomson showed that cathode-ray particles (electrons) were emitted by many 
different materials. Their charge was similar in magnitude to that of a hydrogen 
ion, but they were considerably less massive than the hydrogen ion. He concluded 
that these particles form a part of all kinds of matter, and in so doing suggested 
that the atom is not the ultimate limit to the subdivision of matter. 

Millikan*s oil-drop experiment 18.3 

Millikan's experiment, by showing that the electric charge picked up by an oil 
drop is always an integral multiple of a certain smallest value, demonstrated that 
charge is quantized. 

Photoelectric experiments 18.4 

These experiments show that the maximum kinetic energy of photoelectrons increases 
linearly with th*^ frequency of the incident light, provided the frequency is above the 
threshold frequency. This threshold frequency is different for different metals. 
Photoelectrons are emitted at frequencies just above the threshold no matter how low 
the intensity of the incident light. In addition, there is practically no time lag 
between the instant the incident light strikes the target and the emission of photo- 
electrons. At frequencies just below the threshold no electrons are emitted no matter 
how intense the incident light. In summary, these experiments snow that the energy 
of light is a function of its frequency and that light energy is quantized. 

Faraday»s electrolysis experiments 17.7, 17.8 

Faraday's experiments showeO that a given amount of electric charge is closely 
related to the atomic mass and valence of an element and in so doing implied that, 
a; matter is electrical in nature, and b) that electricity is atomic (quantized) 
in nature. 

Rutherford's alpha-particle scattering experiments 19.2 

Rutherford*s alpha-particle scattering experiments showed that the atom is mostly 
empty space. The experiments demonstrated that there was a positive charge within 
the atom that occupies a very small amount of space, and furthermore it is this 
charge that scatters alpha particles by a coulomb force of repulsion. 
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7. Sections of Unit: 17.1, 17.2 

a) Because atoms are unchangeable, Dalton inferred that matter must be conserved, 
that all substances must be composed of different arrangements of atoms, and 
that atoms combine in different groups. 

b) The weight of A relative to B is 6 to 1 . However, in a compound of only A and 
B it is found that there is 3 times as much A as there is B (by weight) . Con- 
sequently, the only possible formula for this compound is AB2. 

8. Section of Unit: 19.6 

The following 'S a greatly simplified schematic diagram of the Franck-Hertz 
apparatus. For the purposes of this question it should be considered a more than 
adequate answer. 




accelerating potential 
small stopping potential 



However, devices other than those shown in the diagram above can be used to make the 
necessary measurements. For example, the following diagram shows a satisfactory 
arrangement. 



PHOTO- 
ELECTRIC 
PLATE 



LIGHT 



GAS 



\ 



B YIELD 



CAMERA 



V = accelerating potential 

The amount of bending of the 
electron beam is inversely 
related to the kinetic energy 
of the emerging electrons. 



A workable apparatus would have to include: 

1. a source of electrons 

2. a means of accelerating the electrons 

3. a chamber where the electrons pass through a gas 

4. an electron detector (ammeter) 

5. > some means of measuring the kinetic energy of the electrons after they 

emerge from the gas 
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Suggested Answers to Unit 5 Tests 
Test C 



PROPORTION 
OF 

SECTION TEST 
ITEM ANSWER OF UNIT SAMPLE 

ANSWERING 

ITEM 
CORRECTLY 



1 


A 


19 . 2 




. H\i 


2 


c 


20 . 1 




AO 
• He. 


^ 


A 


19 . 2 




.65 


4 


E 


20.2 




.32 


5 


D 


20.3 




.61 


6 


B 


19.4, 19 


.5 


.53 


7 


A 


17.7, 17 


.8 


.66 


8 


C 


19.4, 19 


5 




9 


C 


18.4 




.70 


10 


A 


18.4 




.45 


11 


B 


19.2 




.67 


12 


B 


general 






13 


B 


19.4, 19. 


5 


. 80 


14 


C 


19.6 




.38 


15 


E 


18.2 




.53 


16 


C 


19.4 






17 


B 


19.2 




.71 


18 


A 


18.4 






19 


B 


18.6 




.48 


20 


A 


18.2 




.65 



PROPORTION 
OF 

SECTION TEST 
ITEM ANSWER OF UNIT SAMPLE 

ANSWERING 

ITEM 
CORRECTLY 



O 1 


E 


17.1, 17.2 


.76 




A 


19. 1 


.52 


23 


A 


18.3 


.72 


24 


B 


17.7, 17.8 


.64 


25 


D 


17.7, 17.8 


.67 


26 


D 


17.3 


.58 


27 


C 


Chapter 20 


.74 


28 


D 


18.4 


.53 


29 


C 


18.6 


.42 


30 


B 


general 




31 


£ 


20.1 


.48 


32 


C 


20.^ 


.45 


33 


B 


19.4 


.54 


34 


A 


Chapter 20 


.71 


35 


E 


19.2 


.62 


36 


C 


17.7, 17.8 




37 


D 


20.1 


.76 


38 


B 


20.5 


.78 


39 


A 


19.4 


.71 


40 


A 


19.6 


.59 
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Suggested Answers to Unit BTests 



Test D 



1. Section of Unit: 17.8 

This argiiment has three steps. The question provides the first and the last the 

student must apply the missing middle s.tep. 

STEP 1. A given amount of electric charge is related to the atomic mass 

and valence of an element. 
STEP 2. Atomic mass and valence are characteristics of the atom of the 

element . 

STEP 3. Therefore, a certain amount of electric charge is associated with 
an atom of the element. 

2. Section of Unit: 18.3 

Millikan's experiment, in showing that the electric charge picked up by an oil 
drop is always an integral multiple of a certain minimum value, demonstrated that 
charge is quantized. 

3. Section of Unit: 18.5 

Rutherford could not explain the bright-line spectrum of hydrogen. In addition, 
he had nothing to say about the details of distribution of negative charge. Bohr 
explained the bright-line spectrum of hydrogen by suggesting that a spectral line may 
be attributed to the quantized release of energy by the change in the nucleus-electron 
energy state. Bohr also described m some detail the orbiting electron in terms of 
permissible quantized distances from the center of the nucleus, quantized angular 
momentum and quantized energy. 

4. Section of Unit: 18.5 

Einstein's formula: ke = hf-w 

max " 

When the emitted photoelectron has practically no KE, incident light with a 
minimum f has caused this emission. Therefore, 

hf = W 

f = W 
n 

^ ^ 2 X 10-^8 J 

6.6 y 10-3^ J-sec 

f 3 X 1015 gg^-l 
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5. Section of Unit: 20,1 

As the speed of an electron increases, its mass increases without limit. This 
can be stated mathematically as follows: 



6. Section of Unit: 17.8 

Faraday's second law of electrolysis states that 96,500 coulombs will produce 

1.00 grams of hydrogen. The problem indicates that a current of 3 amperes flows 

through water for 60 minutes (3600 sec). This is equivalent to the passage of 

9800 coulombs (q = I*t) 

The mass of hydrogen produced = (1.00) ' (gg ^500) ~ ^'^^2 g. 

The ratio of the amounts of oxygen and hydrogen liberated in the electrolysis 
of water is 8:1. 

Therefore, the mass of oxygen produced = (8) (0.112) = 0.896 g. 



7. KE = hf-W 
max 



18.5 



Einstein showed that photoelectric emission could be explained by the quantiza- 
tion of light energy, thus paving the way to quantum mechanics. 



19.1 



Balmer's empirically derived formula summarized some regularity and predicted 
the existence of other spectral line series in the hydrogen spectrum. Agreement 
with *;he predictions of this formula led to Bohr*s theoretically derived model of 
the atom. 



20.1 



This equation, showing the relationship between an object's mass and its speed, 
is one of the more popular consequences of Einstein's special theory of relativity. 
The introduction of this theory prompted a total reassessment of most areas of physics 
involving the study of objects in motion. It has been immensely important in the field 
of high-energy physics, where very small particles are accelerated to speeds that approach 
the speed of light, and also in astronomy and atomic and nuclear physics.. 
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h 

mv 



™ 20.3 



The de Broglie equation suggested that matter has wave properties. This 
prediction found experimental verification when Davisson and Germer demonstrated 
that electrons could be diffracted. 



(AX) (Ap) z ~ 

Z TT 



20.5 



The Heisenberg uncertainty principle states that we are unable to measure 
simultaneously the posi-ion and velocity of an electron. This same reasoning holds 
for all moving objects, but is of no practical consequence for relatively massive 
objects. Heisenberg 's principle, one of the early consequences of quantum theory, 
emphasized the nondeterministic probabilistic nature of physics. 

8. Section of Unit: 

The idea that matter is composed of atoms was proposed by Greek philosophers 
between 500 and 400 B.C. This theory was devised in an "arm chair" fashion with 
no attempt at confirming the theory in terms of physical experimentation. The 
nineteenth century scientists developed theories that they felt would account for 
the oDserved properties of matter and tested these theories experimentally, in 
addition, these atomic theories included a predictive function that would include 
behavior not yet observed. ^ 
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